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ABSTRACT 
In common cases of goal directed motor behavior like grasping, pointing and throwing, 
humans navigate their own body in the external space to achieve desired physical effects. 
Hereby, the so-called internal models provide the basis of human motor control. They are 
based on mental representations of the movement kinematics and dynamics in a given 
environment, and fulfill two major functions: to translate targeted Euclidean positional 
codes into motor program, on the one hand, to estimate the current body state, and to 
predict the sensory consequence of the action by simulating the action flow, on the other. 
Hence, sufficient specification of the kinematic and dynamic movement parameters is 
essential. Context-related peculiarities need to be registered and countervailed to confer 
optimal motor control. The present work focuses on adaptation to sensorimotor 
transformations imposed by visuomotor rotations. The upcoming section gives a brief 
overview of the studies included in the present work.  
Study 1 investigates dual adaptation, i.e. concurrent adaptation to opposing 
visuomotor rotations. Particularly interesting was the effectiveness of different contextual 
cues, i.e. sensory information in the movement context differing between rotation 
conditions, which haven found to be crucial for dual adaptation. Consequently, visual and 
postural cues were compared with each other. Results were discussed in connection with 
previous studies indicating visual dominance in movement representation and control. In 
contrast to the aforementioned salient contextual cues, some sensory information in an 
action context could be more latent, for example, the spatial structure of a visual 
workspace, which has been addressed in Study 2. This study focused on a novel aspect 
of visuomotor adaptation, and more importantly, the subsequent generalization. It is based 
on the assumption that the spatial structure of the distal workspace is crucial for optimal 
motor learning. This approach was examined in three experiments by analyzing intra- and 
intermanual generalization of adaptation induced by visuomotor rotation. Rotation 
conditions that were concordant with the global structure of the visual workspace were 
found more advantageous compared to conditions discordant to the visual workspace. 
Results were discussed in the background of the general issue concerning the relevance 
of contextual similarity in motor learning. Hence, according to our approach, visuomotor 
rotations as well as other sensorimotor transformations are not isolated occurrences and 
must be understood as integrative part of the entire movement context. This approach 
was investigated more extensively in the study reported in Study 3. The study inspected 
the adaptation processes to opposing visuomotor rotations in a symmetrical workspace. 
Modular adaptation, use-dependent plasticity and spatial realignment theoretically were 
possible mechanisms to deal with the rotation scenario. Since these mechanisms lead to 
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different predictions regarding generalization behavior, comparisons between predictions 
and empirical data were conducted. In spite of evidential advantages of modular 
structures in adaptive motor control, the current work could show a particular case of 
visuomotor transformation, in which modularity lacks efficiency. Empirical data indicate 
that the adaptive motor control employed the spatial realignment to accomplish adaptation 
more efficiently. Possible neurological processes underlying spatial realignment in this 
particular case was discussed.  
Generally, this work aimed to extent the previous research scope concerning 
sensorimotor adaptation by postulating new theoretical approaches, demonstrating related 
behavioral phenomena and disclosing novel topics for future works.  
 v 
Zusammenfassung 
 
Bei zielgerichteten Handlungen - wie Greifen, Zeigen und werfen, navigieren Menschen 
eigene Körperteile (Effektoren) im externalen Raum, um beabsichtigte physikalische 
Effekte zu erzielen. Den motorischen Kontrollfunktionen liegen die sogenannten internen 
Modelle zugrunde. Die Modelle bezeichnen in diesem Zusammenhang neuronale 
Kontroller, die Sensorik und Motorik mittels festgelegter Regeln oder Algorithmen 
verknüpfen. Sie bestehen aus mentalen Repräsentationen der kinematischen und 
dynamischen Einzigartigkeiten der motorischen Bewegungen in einer bestimmten 
Handlungsumgebung. Die internen Modelle erfüllen im Wesentlichen zwei Funktionen: 
zum einen die Transformation der euklidisch repräsentierten Zielposition in motorische 
Kommandos, und zum anderen die Prädiktion der sensorischen Effekte durch interne 
Simulation der Handlung unabhängig von ihrer Ausführung. Entscheidend für die 
Funktionstüchtigkeit der internen Modelle sind korrekte kinematische und dynamische 
Parameter, welche häufig kontextabhängig sind. Aus diesem Grund müssen kontextuelle 
Besonderheiten registriert und berücksichtigt werden, um optimale Motorsteuerung zu 
ermöglichen. Die Adaptivität stellt somit eine Kernkompetenz des menschlichen 
sensomotorischen Systems dar. Einen Einblick in die dahinterliegenden kognitiven 
Prozesse macht sich die vorliegende Arbeit zum Ziel. Die Arbeit fokussiert auf die 
sensomotorische Adaptation an visuomotorischen Rotationen, die die Bewegungs-
kinematik variieren. Der kommende Abschnitt gibt einen kurzen Überblick über die 
empirischen Studien, auf denen die vorliegende Arbeit basiert.  
In Kapitel 2 wird eine Studie (Studie 1) berichtet, die simultane Adaptation an 
richtungsdiskordanten visuomotorischen Rotationen (dual adaptation) untersucht. Im 
Vordergrund der Studie steht die Evaluation der Wirksamkeit verschiedener Kontextcues. 
Diese sind kontextspezifische sensorische Informationen, die die Differenzierung 
zwischen verschiedenen Rotationsbedingungen ermöglichen. In der Studie wurden 
visuelle und somatosensorische Cueing-Signale miteinander verglichen. Die Ergebnisse 
wurden im Zusammenhang mit früheren Studien diskutiert, die auf visuelle Dominanz in 
Handlungsrepräsenation und -steuerung hinweisen.  
Neben den oben erwähnten Kontextcues, die hohe Salienz für die Wahrnehmung 
besitzen, können „verborgene“ sensorische Informationen ebenfalls handlungsrelevant 
werden. Als eine solche ist die ganzheitliche räumliche Struktur eines visuellen 
Handlungsraumes zu betrachten, mit welcher sich die im Kapitel 3 berichtete Studie 
(Studie 2) auseinandersetzt. Die Studie basiert auf der Annahme, dass die räumliche 
Struktur eines visuell repräsentierten distalen Handlungsraumes die sensomotorische 
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Adaptation maßgebend beeinflussen kann. Diese Annahme wurde in drei Experimenten 
untersucht, bei denen die intra- und intermanuelle Generalisierung der sensomotorischen 
Adaptation als abhängige Variable analysiert wurde. Ergebnisse konnten zeigen, dass die 
erlernte Rotation in Übereinstimmung mit der räumlichen Struktur des visuellen 
Handlungsraumes generalisiert wurde. Basierend auf diesem Befund, vertrete ich die 
Ansicht, dass visuomotorische Rotationen (und andere sensomotorischen 
Transformationen) als integrative Bestandteile des gesamten Handlungsraumes 
verstanden werden müssen, wobei die visuell repräsentierte räumliche Struktur des 
Handlungsraumes eine kritische Rolle spielt. 
Diese Annahme wurde in einer Studie (Studie 3) weiterverfolgt, die im Kapitel 4 
berichtet wird. Die Studie untersuchte sensomotorische Adaptation an entgegengesetzten 
visuomotorischen Rotationen in einem Handlungsraum, der eine visuelle Symmetrie 
aufwies. Modulare Adaptation, nutzungsbedingte Plastizität (use-dependent learning) und 
räumliche Angleichung (spatial realignment) stehen als prinzipiell mögliche 
Anpassungsmechanismen zur Verfügung. Da diese Mechanismen zu unterschiedlichen 
Vorhersagen über das Generalisierungsverhalten führten, wurden Vergleiche zwischen 
den Vorhersagen und den empirischen Daten durchgeführt. Trotz vielseitiger Vorteile der 
modularen Adaptation, stellte das oben erwähnte Transformationsszenario einen Fall dar, 
in dem modulare Adaptation an Effizienz fehlte. Empirische Daten lieferten klaren Hinweis 
auf räumliche Angleichung als Reaktion auf die visuomotorischen Rotationen. Dieses 
Ergebnis war im Sinne der Hypothese. Mögliche neurologische Prozesse wurden 
diskutiert, die der räumlichen Angleichung zugrunde liegen. 
Diese Arbeit soll dazu beitragen, das Erkenntnisrepertoire im Gebiet der 
sensomotorischen Adaptation durch das Aufstellen neuer theoretischer Ansätze, ihre 
empirische Verifikation, sowie das Anregen weiterführender Arbeit zu erweitern. 
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1. Introduction 
In the first part of this introductory chapter (Chap. 1.1), I attempt to give a general description 
of the cognitive basis of human motor control by reviewing previous findings focusing on 
elementary processes in motor cognition. A comprehensive functional model based on 
theoretical considerations will be provided. The model presents an integrative ensemble of 
functional units (e.g. the internal model including its components) already postulated in the 
literature, although it contains several new features and approaches, which are not, at least 
not explicitly, established in the literature. Against the background of this model, the second 
part of this chapter (Chap. 1.2) gives an overview of the three research papers addressed in 
the present work. The emphasis is placed on clarifying the influences of perceptual context 
information on the adaptivity of human motor control, more precisely how different kinds of 
context information could be used by the CNS (Central Nervous System) to manage 
contextual variability in an optimal manner.  
 
1.1 A general model of sensorimotor control and learning 
Goal-directed upper limb movements present the elementary units of purposeful physical 
interaction between the body and the world in our everyday life, like grasping a cup of coffee 
on the desk or nailing a note on the pin board. In most cases such movements can be 
performed without attentional control and demand little consciousness, and therefore, appear 
to be simple and trivial. However, the more effort one pays to gain insight into the information 
processing flow of goal-directed movements, the more one will get impressed by the human 
sensorimotor system. 
To perform a reaching movement for objects around us, sensory inputs are 
transformed into motor commands. Whereby the main problems the nervous system has to 
solve are: target localization, definition of the initial state of the motor apparatus, hand 
trajectory formation, and specification of the motor commands (Desmurget, Pélisson, 
Rossetti, & Prablanc, 1998). These problems embody the first requirement for the 
sensorimotor system, which can be summarized under the term “sensorimotor 
transformation”. Generally, two different kinds of transformations should be named. First, one 
must determine the configuration of the arm that will bring the hand to the spatial location of 
the visual stimulus (kinematics). The second problem is specifying and controlling the 
application of force to determine the movement trajectory (Pouget & Snyder, 2000). Hence, 
the kinematic model and the dynamic model can be understood as two independent 
components (Krakauer, Ghilardi, & Ghez, 1999) of the action representation, which is 
referred to as internal models for sensorimotor transformation (cf. Miall & Wolpert, 1996; 
Daniel M. Wolpert, Ghahramani, & Jordan, 1995).  
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Compared to man-made machines, one of the impressive feats of human 
sensorimotor system is its ability to calibrate itself and improve their performance with 
experience, especially in the context of tool use, which frequently causes a changed 
movement dynamics or an idiosyncratic sensorimotor mapping (for overviews see e.g. 
Massen, 2012; Sutter, Sülzenbrück, Rieger, & Müsseler, 2013). A number of studies focusing 
on adaptive motor control, using either viscous curl force field (changing movement 
dynamics by applying extra force on body effector) or visuomotor rotation (changing 
movement kinematics by transforming visual movement feedback), showed evidence of 
sensorimotor learning (Gandolfo, Mussa-Ivaldi, & Bizzi, 1996; Kagerer, Contreras-Vidal, & 
Stelmach, 1997; Karniel & Mussa-Ivaldi, 2002; J. W. Krakauer, Pine, Ghilardi, & Ghez, 2000; 
Krakauer, Ghez, & Ghilardi, 2005). These findings indicate that the internal models, including 
both kinematic and dynamic models, are not immutable but adaptable. In other words, 
another basic requirement on sensorimotor system is the adaptivity. 
Taken together, the sensorimotor control system for goal-directed movements can be 
considered as a network of basic functional units and connecting processes, which govern 
sensorimotor transformations in an adaptive manner. Several important components of this 
network have already been revealed in the above description: visual representation of the 
target location, visual and somatosensory input of the motor apparatus (e.g. the hand), 
internal models containing both kinematic and dynamic models, and motor commands as 
output. I would like to propose a functional model of sensorimotor control for goal-directed 
movements by integrating these components (Figure 1.1). The structure of the internal 
models and the information flow within the models are presented in an additional graphic 
(Figure 1.2).  
In spite of the controversy around the equilibrium point hypothesis, it can be assumed 
that the ability to perform accurate multiarticular movements requires the knowledge of the 
initial limb configuration with respect to the body (Desmurget et al., 1998). The limb 
configuration prior to the movement (initial state) can be determined using either visual, 
somatosensory signals or a combination of both. At the same time, target object will be 
located in egocentric visual coordinates, which presents the desired state of the limb. A 
comparator registering both the initial state and desired state signals calculates a difference 
signal representing the desired state transition, which is fed into the so-called inverse model. 
The inverse model estimates the motor command that should cause the desired state 
transition by inverting the causal flow. We now keep at a generic level. What exactly happens 
in the inverse model (and accordingly in the forward model) will be described and discussed 
later in connection with Figure 1.2. Once the motor commands have been executed, physical 
state transition leads to sensory feedbacks, which are typically conveyed as visual and 
proprioceptive signals. Till now the sensorimotor transition has been accomplished and 
resulted in some physical effects. However, it comprises only the overt part of a goal-directed 
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movement. It is well known that due to the large delays in most sensorimotor loops, feedback 
control alone is not sufficient to control rapid movements. A feedforward mechanism is 
needed to mimic the causal flow and by predicting the sensory consequence of the motor 
commands. With the use of the forward model for internal feedback, the outcome of an 
action can be estimated and used before sensory feedback is available. Hereby, a copy of 
the motor commands (efference copy) calculated by the inverse model is delivered to the 
forward model, which is assumed to contain the same functional (including the dynamic and 
the kinematic models with the same specification) units but a reversed process as the 
inverse model. The forward model and the predicted sensory feedbacks involving both 
proprioceptive and the visual channels present the covert process of a movement 
independent of its actual execution.  
 
 
Figure 1.1 Schematic view of the functional model for sensorimotor transformation. The 
model consists of two parts: the overt part involves the execution of the motor commands 
calculated by the inverse model and the sensory consequences; the covert part mimics the 
sensory consequence of the motor commands by using the forward model.  
 
As it has been noted above, the functional model should fulfill two basic requirements 
– the sensorimotor transformation on the one hand, and the adaptivity on the other. Hence, 
the remaining question is how can the model act adaptively. In other words, how can the 
model update its functions based on the assessable outcomes. Obviously, both overt and 
covert components of the movement deliver information to evaluate the movement, which 
are: the actual visual feedback, the actual proprioceptive feedback, the predicted visual 
feedback, and the predicted proprioceptive feedback. Now I attempt to reveal the possibilities 
for the model to gain adaptivity by using these signals.  
 
As a matter of fact, changes always originate from some kind of discordance - typically the 
discordance between the expectation and the reality and the need to re-establish the 
concordance. Since the sensorimotor transformation and the subsequent movement 
execution release signals representing both the realistic and the expected states as 
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illustrated in Figure 1.1, comparisons of these signals form the basis for system adaptation. 
These are the comparison between the actual and the predicted proprioceptive signals, 
between the actual and the predicted visual signals, and between the actual visual and 
proprioceptive signals. Results of the comparisons are generally termed matching signals 
and respectively noted as Δ1, Δ2 and Δ3, which generally distinguish between two states: 
concordant and discordant. The combination results in seven possible change-demanding 
states. Four of them contain at least two different kinds of discordance. Obviously it is very 
difficult and quite inefficient for the motor system to deal with all theses discordance signals 
at the same time. Sequential processing of discordance signals depending on their relative 
criticality obviously provides a better solution. Hence, I assume that the maintenance of the 
physical controllability of the limb should have the first priority. In other words, the first 
question one would ask when performing a motor task is: “Do I still have the full control of my 
body?” The controllability is assessable by evaluating the somatosensory signals. To this 
end, the actual proprioceptive feedback about the current limb state will be compared with 
the predicted proprioceptive effects. Whenever Δ1 indicates discordance, the system must be 
first updated to re-establish the concordance, i.e. to re-gain the controllability of the own limb 
independent of the states of Δ2 and Δ3. Typical situation with discordant Δ1 arises from 
changed body dynamics through external forces exhibited to the limb, which is widely used 
as viscous curl force field in adaptation studies (Gandolfo et al., 1996; Klassen, Tong, & 
Flanagan, 2005; Krouchev & Kalaska, 2002; Mattar & Ostry, 2007; Rao & Shadmehr, 2001). 
Intact somatosensory sense has turned out to be prerequisite for developing dynamic 
models: patients with large-fiber sensory neuropathy who lack proprioception show 
characteristic abnormalities in their trajectories and endpoints in reaching movements 
(Krakauer et al., 1999); they are not able to maintain a posture at a constant level without 
visually monitoring the position of the limb (Ghez, Gordon, Ghilardi, Christakos, & Cooper, 
1990); and they also cannot compensate for unexpected changes in loads encountered 
during the course of limb movements (Rothwell et al., 1982). If Δ1 has been proved to be 
concordant, Δ2 originating from the comparison between actual and predicted visual 
feedback becomes relevant. In case of discordance, the visual discordance can be 
unambiguously attributed to the erroneous kinematic transformation, if the physical 
controllability of the limb is ensured. In other words, the limb has afforded what it has been 
commanded, but the limb state transition did not lead to expected state transition in visual 
coordinates due to insufficient kinematic model. Consequently, a modification of the 
kinematic model will be accomplished to minimize the visually coded movement error. At last 
Δ3 will be assessed to modify the visual-proprioceptive alignment, which has been referred to 
as a process of transformation of spatial maps to bring the origins of coordinate systems into 
correspondence (Redding & Wallace, 1996, 2001, 2002, 2006). It is worth noting that Δ1 and 
Δ2 encode information about movement error, or rather they are error-based, whereas Δ3 is 
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independent of actual movement performance and merely indicates the matching between 
different spatial maps. To sum up, Δ1, Δ2 and Δ3 determine three classes of internal-model-
based sensorimotor learning, respectively: learning of the dynamics, learning of the 
kinematics, and learning of the intersensory alignment.  
 
  
Figure 1.2 Schematic view of the functional organization of and information flow in the 
forward and inverse models. The matching signals (Δ1, Δ2 and Δ3) for sensorimotor learning 
are assigned to the corresponding functional units.  
 
In order to figure out where these learning mechanisms are exactly located, a 
comprehensive insight into the functional organization and the process structure of the 
internal model is presented in Figure 1.2. The upper part illustrates the information flow of the 
inverse model. Based on the representation of the desired state in visual coordinates, 
required hand paths are initially planned in vectorial coordinates without taking account of the 
joint motions (Morasso, 1981). Hence, the major function of the kinematic mapping is 
computing the desired vectorial motion flow independent of the joint motions. Using the 
intersensory alignment, the joint motions are then specified as a sequence of intersegmental 
configuration transition, which is termed somatosensory flow represented by the 
proprioception. At last, the musculoskeletal dynamic model translates the desired 
somatosensory flow into motor commands. Since deafferented patients are able to recover a 
considerable part of their motor functions through extensive visual-guided training (Cole & 
Paillard, 1995). There must be a function, which directly transforms the visual input into 
motor output to bridge the gap of the disabled proprioception. This function is termed 
kinematic-motor mapping. The kinematic-motor mapping is actually a byproduct based on 
associative connection between the motor commands and the resulting motion flow in visual 
coordinates. In fully intact systems this connection makes no essential contribution to the 
sensorimotor control. On the contrary, systems deprived of proprioception are forced to 
accomplish sensorimotor transformation based exclusively on visual inputs by using this 
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connection as a substitute. Obviously the kinematic-motor connection can also be intensified 
or modified through learning, which possibly explains previous findings showing substantial 
sensorimotor adaptation in deafferented patients (Bernier, Chua, Bard, & Franks, 2006). The 
inverse model consists of following functional units along the information flow: the kinematic 
mapping, the intersensory alignment, the musculoskeletal dynamic model, and the kinematic-
motor mapping. The forward information flow is shown in the lower part of the diagram. It 
basically shares the same functional units with the inverse model.  
Taken together, the core ideas of the model I suggested can be summarized in the 
following assumptions: 
1. plan and execution of goal-directed movements rely on internal models underlying the 
sensorimotor transformation 
2. the feedforward and the inverse model share the same functional units: the kinematic 
mapping (model), the dynamic model, the intersensory alignment connecting the 
kinematic and the dynamic models, and the kinematic-motor mapping 
3. the functional units are independent and can be adapted independently 
4. each matching signal is exploited to exclusively update one corresponding unit: Δ1,à 
the musculoskeletal dynamics; Δ2 à the kinematic mapping; Δ3 à the intersensory 
alignment 
5. updates of the internal model grossly comply with a priority order: first the 
musculoskeletal dynamics, then the kinematic mapping, and the intersensory 
alignment at last.  
By proposing this general model I aimed to provide a theoretical framework to integrate 
relevant findings concerning sensorimotor control and learning. By doing so, the origin of the 
most sensorimotor phenomena can be precisely localized both in the structure and the 
process of the underlying cognitive network, which is certainly helpful to maintain consistency 
in spite of the large diversity of topics. That is the reason why I made the effort to introduce 
this general model as an extra part at the very beginning, although the empirical studies of 
the present work are not directly related to the model.  
 
1.2 The role of context information in sensorimotor learning 
The present work consists of three empirical studies, which aimed at clarifying the role of 
context information in sensorimotor learning. Context information is referred to as perceptual 
information, which is characteristic for a given action context (or workspace). Such 
information can be exploited to distinguish between different action contexts with different 
sensorimotor requirements, and therefore, facilitates sensorimotor learning as so-called 
contextual cues.  
Study 1: In a study by Bock, Worringham, and Thomas (2005), participants performed 
center-out pointing tasks with rotated visual feedback. In the adaptation blocks participants 
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performed with the left arm facing a clockwise (cw) rotation or with the right arm a 
counterclockwise (ccw) rotation in an alternating manner. Results showed significant 
increase of movement accuracy suggesting concurrent adaptation in both arms, which 
means adaptation to discordant rotations. Post-adaptation measures without visual feedback 
showed discernable aftereffects in both unimanual and bimanual tasks. Though the data do 
not establish whether the adaptation states are hard-wired to each arm, or whether the 
linkage is functional, with the usage of a given arm as a cue for contextual switching between 
both states. As suggested by Galea and Miall (2006), the latter assumption corresponds 
better with other dual adaptation studies using contextual cues. Hence, the motor system can 
simultaneously adapt to opposing force fields (Gandolfo et al., 1996; Krouchev & Kalaska, 
2002; Rao & Shadmehr, 2001) or opposing visuomotor rotations (Bock et al., 2005; Imamizu 
et al., 2007; Woolley, Tresilian, Carson, & Riek, 2007), and was able to switch between these 
states in a context-dependent fashion. Similar dual adaptation effects could be shown with a 
trained rhesus monkey, which was allowed to distinguish the perturbation conditions with the 
help of color cues (Krouchev & Kalaska, 2002). 
 Explanations are provided by computational approaches. For instance, Lee and 
Schweighofer (2009) assumed a parallel architecture with a fast process containing a single 
state and a slow process containing multiple states switched via contextual cues. More 
elaborated contextual switching mechanism is implemented in the modular-selection-and-
identification-for-control model (MOSAIC, cf. Haruno, Wolpert, & Kawato, 2001; Imamizu, 
Kuroda, Yoshioka, & Kawato, 2004), which employs a probability distribution of responsibility 
estimates for each control module for a context-dependent control module selection. Taken 
together, multiple internal models could be acquired and retained in long-term memory, if 
interferences between task requirements are precluded (Bock, Schneider, & Bloomberg, 
2001) or if sufficient contextual cues were given. 
 Since the dual adaptation studies mentioned above made no direct comparison 
between opposing conditions and conditions with constant perturbations as control, 
performance losses due to possible interference still cannot be completely excluded despite 
of substantial dual adaptation. Therefore, it remains open if the context cues in those studies, 
which enabled dual adaptation, also completely prohibited mutual interference of discordant 
transformations or not. 
 Based on these considerations, I attempted to address two questions regarding dual 
adaptation with context cues. The first question is, whether the adaptation to discordant 
sensorimotor rotations is compromised by their interference, when sufficient context cues are 
available. The second question is related to the effectiveness of different contextual cues, 
which are frequently used in dual adaptation studies. These cues can be roughly classified 
as visual cues (Karniel & Mussa-Ivaldi, 2002; Krouchev & Kalaska, 2002; Rao & Shadmehr, 
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2001), somatosensory cues (i.e. postural cue; cf. Bock et al., 2005; Gandolfo et al., 1996)1 or 
a combination of both (Woolley et al., 2007). Hence, the second question is whether a visual 
cue, a somatosensory cue, or a combination of both can facilitate dual adaptation most 
effectively.  
 To this end, the first study compared single and dual adaptation to visuomotor 
rotations in different cueing conditions. Participants adapted either to a constant rotation or to 
opposing rotations (dual adaptation) applied in an alternating order. In Experiment 1, visual 
and corresponding postural cues were provided to indicate different rotation directions. In 
Experiment 2, either a visual or a postural cue was available. In all cueing conditions, 
substantial dual adaptation was observed, although it was attenuated in comparison to single 
adaptation. Analysis of switching costs determined as the performance difference between 
the last trial before and the first trial after the change of rotation direction suggested 
substantial advantage of the visual cue compared to the postural cue, which was in line with 
previous findings demonstrating the dominance of visual sense in movement representation 
and control.  
 
 Study 2: While the first study demonstrates the cueing effect of contextual information in 
sensorimotor adaptation, the second study focuses on the process of generalization, more 
precisely, on the influence of the spatial structure of distal workspace on the generalization 
process. In other words, I examined whether spatial features of the workspace induce 
transfer or interference. In the literature, the distal workspace is casually termed “visually 
based extrinsic space” (e.g. Wang, Mordkoff, & Sainburg, 2010), and is referred to as the 
ensemble of all visual elements, which represents the action and the environment. In my 
case, it includes the visual representation of the start positions, the target(s), and their 
location to each other. Participants were seated in front of a digitizer tablet and performed 
aimed movements on a computer display from a start position to a target. Figure 2.1 shows 
that the left cursor movements on the screen were clockwise (cw) or counterclockwise (ccw) 
rotated. Successful adaptation should result in movements, which compensate for the 
rotation with a counter rotating correction (dotted lines for cw rotation and dashed lines for 
ccw rotation). 
After adaptation, generalization in two different workspaces was examined, the 
parallel and the symmetrical workspace. In the parallel workspace (Figure 2.1-A) the stimulus 
configuration was simply shifted from the left to the right side of the monitor (start position B 
and target B), and accordingly, the movements were shifted parallel. The required cw 
adaptation at this position was concordant with the preceding cw rotation. In this case, the 
internal model could be simply maintained and marginally modified to fit the new effector 
configuration, which should facilitate the adaptation. In contrast, prior adaptation to a ccw 
                                                
1A further class of abstract instructional cues (Imamizu et al., 2007) will not be discussed here. 
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rotation is discordant with the subsequent task requirement to adapt to an opposing – i.e. cw 
rotation, and hence make the adaptation difficult. Taken together, within this workspace my 
hypothesis was in accordance with previous studies demonstrating generalization of 
adaptation to adjacent movement directions, probably due to the narrow directional tuning 
width of the neurons involved in visuomotor adaptation (Tanaka, Sejnowski, & Krakauer, 
2009).  
 In the symmetrical workspace (Figure 2.1-B) the start position was shifted from the 
left to the right side of the monitor, but the target remained at its position. Since the angular 
separation between the movement directions at the left and the right start position was much 
larger (78°) than the narrow tuning width (~ 23°) based on the population coding model 
(Tanaka et al., 2009), no generalization should be observed – independent of whether a cw 
or a ccw rotation was applied in the adaptation phase. However, in the symmetrical 
workspace, the visual workspace formed by the start positions and the target, and 
accordingly the trajectories to the target are symmetrical about the vertical axis. We suppose 
that this spatial regularity allows the sensorimotor system to predict a mirror-inverted 
scenario and further determine a transformation of the internal model into a mirror-inverted 
version. Hence the preceding ccw rotation, which is opposite to the subsequent cw rotation, 
establishes a concordant condition, and consequently results in better performance in the 
generalization phase compared to the discordant condition with a preceding cw rotation. 
Taken together, the definition of “concordance” and “discordance” is reversed compared to 
that in the parallel workspace. To our knowledge the finding of a counter rotating 
generalization would establish a new pattern of results demonstrating the influence of the 
spatial workspace.  
 In line with the hypotheses, in Experiment 1 with a parallel workspace, preceding 
adaptation to the same rotation was more advantageous than adaptation to an opposing 
rotation. This observation was reversed in Experiment 2 with the symmetrical workspace: 
prior adaptation to an opposing rotation was more advantageous for the generalization than 
prior adaptation to the same rotation. Taken together, the results indicate that the way prior 
adaptation affects the subsequent action depends on the spatial property of the workspace. 
 
 Study 3: The third study picks up the approach proposed in the second study by 
inspecting the sensorimotor learning process in a workspace with spatial symmetry. A study 
by Ghahramani and Wolpert (1997) was believed to provide strong evidence for the modular 
approach. In this study, participants learned to counteract a visuomotor rotation by reaching 
from two different starting positions to a common target. The rotations induced at the starting 
positions were opposite to each other (i.e. cw at the left starting position and ccw at the right, 
or vice versa). Following adaptation, generalization to a set of intermediate starting positions 
was assessed. Results demonstrated that the generalization of visuomotor adaptation 
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followed a logistic function of starting positions. The authors suggested that two different 
mappings were learned and retained as independent modules to prevent interference. In the 
test phase, both mappings were combined with each other to produce a weighted average 
based on responsibility estimates at a novel starting position. 
 However, one could question the assumption of two conflicting mappings, which were 
acquired and stored separately as suggested by Ghahramani and Wolpert. The second study 
in the current work used a similar spatial arrangement of start-target positions to examine 
motor bias of prior adaptation. Results showed that adaptation at one starting position 
caused a mirrored bias for movements at the other starting position. As I have claimed 
above, this was probably due to the symmetrical structure of start-target arrangement, so 
that opposing rotations were concordant rather than conflicting within this particular structure. 
It contradicts the modular approach suggesting the acquisition of two controllers based on 
conflicting visuomotor mappings, at least in connection with the above-described setup. I 
therefore suggest an alternative approach to the modular decomposition principle for the 
findings of Ghahramani and Wolpert (1997), which takes the efficiency aspect into account. 
In particular, the present study will demonstrate the capability of the CNS to reunite 
conflicting movement controllers through spatial realignment in a specific experimental setup 
employing visuomotor rotation. Originally, spatial realignment has been found to be essential 
for prism adaptation (e.g. Bedford, 1989; Redding & Wallace, 1993). According to the model 
of adaptive eye-hand coordination suggested by Redding an Wallace (2002), realignment is 
mediated by feedforward-feedback comparisons that enable parametric adjustments in case 
of misalignments among sensorimotor coordinate systems (i.e. visual-motor and 
proprioceptive-motor maps). Hence, it results in fundamental changes in the evolutionarily 
given spatial mapping functions that normally align corresponding positions among the 
various spatial representations that serve perceptual-motor behavior. Consequently, once a 
spatial realignment is accomplished, it triggers a complete generalization in the task-work 
space, i.e. a global change throughout the entire mapping rather than a local change at the 
trained location (Bedford, 1989, 1993; Redding & Wallace, 2006). This particular feature can 
be exploited to predict the transfer magnitude of adaptation based on spatial realignment. 
Three experiments were conducted to compare different sensorimotor learning 
mechanisms (modular adaptation, use-dependent plasticity and spatial realignment) in 
response to visuomotor rotations in a symmetrical workspace. During exposure, the visual 
feedback of flicking movements in a single-target scenario was rotated either 30° clockwise 
(cw) or counterclockwise (ccw) at the left and right starting locations, respectively. Exposure 
to the cw and ccw rotations was carried out in an alternating order. After adaptation to the 
rotations, generalization was evaluated by assessing aftereffects from a set of untrained 
starting locations to the target (Experiments 1 and 2) or from the trained starting locations to 
a set of new targets (Experiment 3). Predictions based on the different visuomotor learning 
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mechanisms were compared to the empirical data. In spite of evidential advantages of 
modular structure, the current work could show a particular case of visuomotor 
transformation, in which modularity lacks efficiency. Results indicate that the adaptive motor 
control system employed the spatial realignment to accomplish adaptation more efficiently. 
 
Taken together, the current work covers three issues concerning adaptive motor 
control in case of visuomotor transformation: dual adaptation using contextual cues, 
generalization of visuomotor adaptation depending on spatial structure of the workspace and 
spatial realignment in a workspace with spatial symmetry. The studies addressing these 
issues are reported in three chapters 2 – 4. Each chapter focuses on one of abovementioned 
topics employing classical behavioral experiments, which are driven by a-priori hypotheses 
derived from current findings in psychological, neurophysiologic and computational 
researches. 
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2. Study One2 
Concurrent adaptation to opposite visual distortions: impairment, cue, 
and memory retention 
 
2.1 Introduction 
In everyday life, the human sensorimotor system has to deal with a wide range of 
environmental conditions during goal-directed movements - especially in the context of tool 
use, which frequently causes a changed movement dynamic or an idiosyncratic sensorimotor 
mapping (for overviews see e.g. Massen, 2012; Sutter et al., 2013). A number of studies 
focusing on adaptive motor control, using either viscous curl force field (changing movement 
dynamics by applying extra force on body effector) or visuomotor rotation (changing 
movement kinematics by transforming visual movement feedback), showed evidence of 
adaptation (Gandolfo et al., 1996; Kagerer et al., 1997; Karniel & Mussa-Ivaldi, 2002; 
Krakauer et al., 2005; Krakauer et al., 2000). The participants learned to counteract the 
perturbation by establishing an estimate of the novel environment. This estimate, termed an 
“internal model,” is a memory representation used to predict the movement consequences of 
motor commands (predictor) and further to determine the commands needed to achieve a 
desired movement effect (controller; Gordon, Westling, Cole, & Johansson, 1993; Miall & 
Wolpert, 1996; Wolpert et al., 1995).  
 Withdrawing the perturbation after adaptation results in movement errors in the 
opposite direction of the perturbation, which are referred to as “aftereffects” (Krakauer et al., 
2000; Shadmehr & Mussa-Ivaldi, 1994; Tong, Wolpert, & Flanagan, 2002). The performance 
of re-adaptation is better than it had been during the first exposure phase (Miall, Jenkinson, 
& Kulkarni, 2004; Welch, Bridgeman, Anand, & Browman, 1993), suggesting the existence of 
a persistent memory trace of the acquired internal model, which could be recalled on a later 
occasion.  
 In a study by Bock et al. (2005), participants performed center-out pointing tasks with 
rotated visual feedback. In the adaptation blocks participants performed with the left arm 
facing a clockwise (cw) rotation or with the right arm a counterclockwise (ccw) rotation in an 
alternating manner. Results showed significant increase of movement accuracy suggesting 
concurrent adaptation in both arms, which means adaptation to discordant rotations. Post-
adaptation measures without visual feedback showed discernable aftereffects in both 
unimanual and bimanual tasks. Though the data do not establish whether the adaptation 
                                                
2 Published in Psychological Research (online first: DOI 10.1007/s00426-013-0500-1). 
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states are hard-wired to each arm, or whether the linkage is functional, with the usage of a 
given arm as a cue for contextual switching between both states. As suggested by Galea and 
Miall (2006), the latter assumption corresponds better with other dual adaptation studies 
using contextual cues. Hence, the motor system can simultaneously adapt to opposing force 
fields (Gandolfo et al., 1996; Krouchev & Kalaska, 2002; Rao & Shadmehr, 2001) or 
opposing visuomotor rotations (Bock et al., 2005; Imamizu et al., 2007; Woolley et al., 2007), 
and was able to switch between these states in a context-dependent fashion. Similar dual 
adaptation effects could be shown with a trained rhesus monkey, which was allowed to 
distinguish the perturbation conditions with the help of color cues (Krouchev & Kalaska, 
2002). 
 Explanations are provided by computational approaches. For instance, Lee and 
Schweighofer (2009) assumed a parallel architecture with a fast process containing a single 
state and a slow process containing multiple states switched via contextual cues. More 
elaborated contextual switching mechanism is implemented in the modular-selection-and-
identification-for-control model (MOSAIC, cf. Haruno et al., 2001; Imamizu et al., 2004), 
which employs a probability distribution of responsibility estimates for each control module 
for a context-dependent control module selection. Taken together, multiple internal models 
could be acquired and retained in long-term memory, if interferences between task 
requirements are precluded (Bock et al., 2001) or if sufficient contextual cues were given. 
 Since the dual adaptation studies mentioned above made no direct comparison 
between opposing conditions and conditions with constant perturbations as control, 
performance losses due to possible interference still cannot be completely excluded despite 
of substantial dual adaptation. Therefore, it remains open if the context cues in those studies, 
which enabled dual adaptation, also completely prohibited mutual interference of discordant 
transformations or not. 
 Based on these considerations, the present paper attempts to address two questions 
regarding dual adaptation with context cues. The first question is, whether the adaptation to 
discordant sensorimotor rotations is compromised by their interference, when sufficient 
context cues are available. The second question is related to the effectiveness of different 
contextual cues, which are frequently used in dual adaptation studies. These cues can be 
roughly classified as visual cues (Karniel & Mussa-Ivaldi, 2002; Krouchev & Kalaska, 2002; 
Rao & Shadmehr, 2001), somatosensory cues (i.e. postural cue; cf. Bock et al., 2005; 
Gandolfo et al., 1996)3 or a combination of both (Woolley et al., 2007). Hence, the second 
question is whether a visual cue, a somatosensory cue, or a combination of both can 
facilitate dual adaptation most effectively.  
                                                
3A further class of abstract instructional cues (Imamizu et al., 2007) will not be discussed 
here. 
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 To this end, two experiments comparing single and dual adaptation in different cue 
conditions were conducted using a sliding-paradigm, in which a computer cursor was flicked 
to a target with a rapid and short-ranged hand movement. Such movements enable more 
reliable analysis of the initial ballistic movement control by precluding any online corrections 
(cf. Wang & Müsseler, 2012). Our hypotheses concerning both questions are stated and 
reasoned in the respective sections introducing the experiments. 
 
2.2 Experiment 1 
Experiment 1 addresses the question whether the process of adaptation to opposing 
rotations comes along with impairment in performance despite sufficient context cues. Two 
groups of participants performed aimed sliding movements with their dominant right hand 
while switching in alternating blocks between two regions (left and right) of the workspace 
(Figure 2.1-A). They adapted either to 30° cw rotations in both regions of the workspace or to 
a 30° cw rotation in one region (left) of the workspace and to a 30° ccw rotation in the other 
region (right) of the workspace, respectively. Thus, the opposing rotations were differentiated 
through visual workspace separation on the one hand and accordingly through different hand 
postures at different start locations on the other. In other words, combined visual and 
postural cues were available. The performance during the adaptation and the adaptive shift 
as the difference between the movement directions in the visual open-loop post-test (with 
cued visuomotor rotation) and the pre-test (Heuer & Hegele, 2011) were compared between 
both groups. We suppose that dual adaptation would be attenuated in comparison to single 
rotation adaptation, even when sufficient context cues are provided. In other words, single 
rotation condition would confer better performance during adaptation and larger adaptive 
shift.  
2.2.1  Method 
Apparatus and stimuli. The apparatus and the setup were the same in all experiments. The 
apparatus was controlled by an Apple Macintosh computer with Matlab software and the 
Psychophysics Toolbox (Kleiner, Brainard, & Pelli, 2007). The room lights were dimmed 
throughout the experiment. 
 Participants were seated at a table. The height of the chair was adjusted individually 
to ensure comparable viewing and action conditions across participants. A DIN-A3 digitizer 
tablet (Wacom Intuos2) resting horizontally on the table was covered by a fiberboard to block 
participants’ view of their hand on the tablet. The digitizer tablet was configured in absolute 
position-matching mode. In this mode, each dot on the tablet was assigned to a dot on the 
display screen in a fixed manner.  
 Participants controlled the cursor movement (a small blue disk with 4 mm in diameter) 
on the computer display with a stylus held in their right hand. The cursor movement was 
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displayed on a 22″ CRT color monitor (model: Iiyama Vision Master Pro514; resolution: 1024 
× 768 pixels; refresh rate: 100 Hz) placed upright on the table with its center at the 
participants’ eye level and with a distance of about 65 cm in front of the participants. 
 Two start locations and their corresponding targets were located on the left or the 
right part of the visual display (Figure 2.1-A). They were marked with grey dots (5 mm in 
diameter) visible throughout the experiment. A gray line of 50 mm at each side of the target’s 
horizontal periphery served as target line.  
 
Procedure. At the beginning of each trial, the start location was illuminated in yellow 
signalizing the valid start location, while the other start location stayed gray. After participants 
held the cursor exactly on the valid start location for 500 ms, a pure tone (840 Hz) was 
released for 100 ms. This tone signaled that the trial was unlocked and the participants were 
instructed to initiate a sliding movement with their right hand as soon as possible. At this 
moment, the stylus is exactly on either Start A’ or Start B’, depending on whether Start A or 
Start B was the valid start location on the display. Participants should slide the cursor  
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Figure 2.1 Schematic view of the manual and visual workspace in the experiments. 
Participants aimed at targets 20 cm perpendicularly from the respective start locations. 
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Visual feedback was clockwise (cw) or counterclockwise (ccw) rotated. Hand paths to 
produce straight up cursor movements despite visual distortion are shown as dotted lines (for 
cw rotation) or dashed lines (for ccw rotation). (A) Setup of Experiment 1: Targets A and B 
were located on the left and the right side of the display, respectively. The horizontal distance 
between both targets was 28 cm. Manual start locations A’ and B’ correspond spatially to the 
start locations A and B on the display, so that their horizontal separation was 28 cm as well. 
(B) Setup of Experiment 2a: Display elements in Experiment 2a were completely identical 
with those in Experiment 1. However, start location A and B shared one manual start location 
(Start A’B’), which was located in the middle of the digitizer tablet. (C) Setup of Experiment 
2b: Only one start location (Start AB) and one target (Target AB) were presented in the 
middle of the display. However, the task was either carried out on the left (Start A’) or on the 
right (Start B’) manual start location.  
 
to a given target as precisely as possible, by accelerating the cursor with a short straight 
flicking movement, which determines the approximate direction of the cursor. The area within 
a radius of 2 cm around the start location served as the area for movement initiation, inside 
of which the cursor was under control of stylus motion on the tablet. Once the cursor left this 
area, it began to slide in a straight line on a constant velocity of 17 cm/s. After the cursor hit 
the target line, the score was displayed immediately next to the final cursor location. 
Depending on the deviation from target middle, the (hit) score varied from 10 (maximum 
score with target middle) to 0 (minimum score 50 mm or more out of range). 
 All experiments used the same schedule, which consisted of three phases. At the 
very beginning of each experiment there was a short practice of 10 trials with veridical visual 
feedback. This pre-experimental part was introduced in order to get the participants 
acquainted with the apparatus and the flicking movement and to ensure that they have 
understood the task requirements. Following the pre-experimental preparation, participants 
performed the sliding task in 48 consecutive blocks (with 5 trials each). The start location 
switched after each block and the start location in block 1 was counterbalanced between 
participants.  
 Phase 1 (pre-measure) with block 1 to block 8 served as baseline measure and was 
the same for both groups. It was further subdivided in a baseline measure (block 1 to block 
4) with veridical feedback followed by a baseline measure without visual feedback (block 5 to 
block 8). In trials without visual feedback, the cursor vanished as soon as the trial was 
unlocked. The movement was performed in a “blind flight” and no (hit) score was presented 
at the end of the trial. The measures with and without visual feedback served as baseline for 
the adaptation and the post-adaptation, respectively. 
 Phase 2 (exposure) contained block 9 to block 38. Participants were exposed to a 30° 
visuomotor rotation, which they had to adapt to. Group 1 constantly received a cw rotation at 
both start locations (constant group). For group 2, the rotation at the left start location was cw 
and ccw at the right start location, which means that group 2 had to adapt to opposing 
rotations in an alternating sequence (opposing group). After each block a summary of hit 
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score was provided and the participants could take a short break before beginning the next 
block. 
 Phase 3 (post-measure) contained the last 10 blocks (block 39 to block 48). It served 
as a post-adaptation measure without visual feedback and was the same for both groups. 
Participants were instructed that all conditions remained the same as in the exposure with 
the exception that no visual feedback was provided. The entire experiment lasted about 45 
minutes. 
 
Design and data analysis. The different adaptation conditions between groups represented 
the first independent factor of the experiment. Within each critical experimental phase, the 
amount of consecutive blocks was realized as within-subject factor. Thus, the experiment 
based on a 2 (groups) × 30 (adaptation blocks) mixed design in the adaptation phase and on 
a 2 (groups) × 10 (post-adaptation blocks) mixed design in the post-measure phase.  
 As dependent variable aiming errors were gathered as angular deviations α (in 
degree) from the ideal trajectory. Generally, α was 0, if the actual cursor trajectory fitted the 
ideal trajectory exactly. In the baseline phase, a positive α value indicates a clockwise 
deviation relative to the ideal trajectory and a negative α value indicates a counterclockwise 
deviation relative to the ideal trajectory. Individual performances in the adaptation were 
adjusted by subtracting the aiming errors obtained in the pre-measure with visual feedback. 
Adaptive shifts were calculated as the differences between the post-measure and the pre-
measure without visual feedback. The adjusted aiming errors in the adaptation and the 
adaptive shifts were coded relative to the rotation direction: A positive α value indicates a 
deviation in accordance with the direction of the rotation and a negative α value indicates a 
deviation opposite to the rotation. These data were analyzed using mixed-factor ANOVAs 
based on the abovementioned designs. Since both groups received different rotations at the 
right start location (cw for constant group and ccw for opposing group), a bias due to this 
group-specific location and rotation combination could occur and confound the between-
group comparison, if the ccw rotation was generally more difficult to be adapted. Hence, 
another set of ANOVAs with side (left vs. right) as an additional within-subject factor (and 
accordingly the experimental blocks sorted by side) was conducted to secure the analysis. It 
resulted in a 2 (groups) × 2 (sides) × 15 (blocks á side) mixed design for the adjusted 
adaptation performance and a 2 (groups) × 2 (sides) × 5 (blocks á side) for the adaptive 
shifts. Additionally, mean aiming errors over all adaption blocks were computed for each start 
location and compared between both groups. 
 Switching costs due to the alternating transition between both start locations and the 
corresponding rotations (in the dual adaptation group) were computed as the difference 
between the aiming error of the last trial prior to the switching and the error in the first trial 
after the switching.  
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Participants. Sixteen right-handed students (12 females) from RWTH Aachen University 
volunteered to take part in Experiment 1. The mean age of participants was 22.3 years 
(ranging from 19 to 30 years) with a standard deviation of 2.7 years. Handedness was 
ensured with the Edinburgh Handedness Inventory (mean lateralization quotients of 80; 
Oldfield, 1971). All participants were naïve to the purpose of the study.  
 Participants were randomly assigned to two groups. As aforementioned, group 1 
constantly received a cw rotation at both start locations, whereas group 2 had to adapt to 
opposing rotations in an alternating sequence.  
2.2.2 Results 
Figure 2.2-A shows the plot of mean aiming errors of all experimental blocks as a function of 
block number. All participants were able to aim successfully for the target in both baseline 
conditions, in which the performance did not differ between groups.  
 
Adaptation phase. The aiming errors, caused by visuomotor rotation, declined continuously 
in both groups before it stagnated at a lower error level. A 2×30 group-block mixed ANOVA 
showed a significant main effect of block with F(29, 406) = 8.14, p < .001, partial η2 = .37 
indicating substantial adaptation to the rotation. The ANOVA yielded a significant main effect 
of group with F(1, 14) = 5.51, p < .034, partial η2 = .28. As illustrated by the power function 
curves computed for the mean aiming errors of each group, the constant group showed 
substantially better adaptation performance than the opposing group.  
 The 2×2×15 ANOVA inspecting possible bias related to side-rotation combination 
yielded neither main effect of side (p > .11) nor interaction between side and group (p > .42). 
In line with the ANOVA, mean aiming error over adaptation blocks showed similar group 
differences at both start locations. As illustrated in Figure 2.2-B, the opposing group showed 
larger aiming error at both left [t14 = 1.83, p < .045, one-tailed] and right [t14 = 2.39, p < .016, 
one-tailed] start locations. 
 
Adaptive shift. The adaptive shift diminished with repeated movements without visual 
feedback. Accordingly, a 2×10 group-block mixed ANOVA showed a significant main effect 
of block [F(9, 126) = 2.43, p < .014, η2 = .15]. Neither a main effect of group (p > .43) nor a 
group by block interaction (p > .99) was observed, which indicates that both groups showed 
nearly identical adaptive shifts regarding both the size and the pattern of decay over time. 
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Figure 2.2 (A) Mean aiming errors (with standard errors) in degree in the three experimental 
phases of Experiment 1 broken down into 48 blocks. Every data point represents the 
average of five consecutive trials across all participants within the experimental groups. 
Block 1 to block 8 was baseline measure; Block 9 to block 38 was the adaptation phase; 
Block 39 to block 48 served as post-adaptation measure. A single power function was fitted 
to the adaptation performance for each group using a least-square fit criteria (dotted line for 
the constant group and solid line for the opposing group). (B) Average aiming error (with 
standard error bars) over all adaptation blocks for each group at each start location. 
 
2.2.3 Discussion 
In accordance with our hypotheses better adaptation performance in the constant group was 
corroborated by the statistical analysis. The participants of the opposing group showed 
slower adaptation rate (the speed of aiming error decline) indicated by the less steep power 
curve and larger mean aiming error over the adaptation blocks. This compromised 
adaptation performance could be caused either by mutual interactions between the opposite 
rotations or merely by repeated switching between two different visual distortions. If the latter 
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case is true, group difference must be primarily determined in the very first trial after each 
switching. Therefore, we eliminated the first trial of each adaptation block and repeated the 
ANOVA with the average of the four remaining trials in each block separately. The outcome 
was similar to the results reported above. Analysis of the switching costs confirmed this 
finding by showing comparable switching costs in both groups. Hence, the group difference 
can only be explained by mutual interference of discordant rotations and –most importantly– 
dual adaptation can succeed in spite of presence of interference. Since efficient adaptation 
depends on the ability to inhibit previously learned but now inappropriate visuomotor 
associations (Shadmehr & Holcomb, 1999), an inhibitory process in movement planning 
must accompany dual adaptation, which should eventually increase to slow down the 
movement execution (Heuer & Hegele, 2011). However, an additional group comparison 
regarding the time of movement execution showed no statistical difference between the 
groups. We suppose that the single-target scenario in the present study lacks complexity 
compared to previous studies using multiple targets in a circular array around a start location 
(e.g. Bock et al., 2005; Krakauer et al., 2005). This simplified motor task may have minimized 
the cognitive demand of inhibition in dual adaptation, so that the movement planning and 
execution were not slowed down.  
 In the post-measure, both groups showed initially substantial adaptive shift 
(approximately 19° in the constant group and 20° in the opposing group), which declined with 
repeated movements. Astonishingly, there was no group difference regarding adaptive shift 
despite clearly compromised adaptation in the opposing group. Considering the fact that the 
switching costs was quite similar in both constant and opposing groups, it can be assumed 
that the explicit control performance in both rotation conditions was broadly comparable. 
Consequently, the observed group difference was probably caused by compromised implicit 
adaptation in the opposing group. The lack of group difference in adaptive shift was likely 
due to the fact, that adaptive shift as a product of both implicit adaptation and explicit control 
was not precise enough to show the difference in implicit adaptation. Aftereffect as change of 
movement direction in spite of the knowledge that no visuomotor rotation is present any more 
(Hegele & Heuer, 2010; Heuer & Hegele, 2011) would be certainly a better indicator in this 
aspect. More detailed discussion concerning this issue is made in the General Discussion by 
taking also the findings of Experiment 2 into account.  
 
2.3 Experiment 2a and 2b 
Despite larger aiming errors and higher switching costs during adaptation, the opposing 
group in Experiment 1 showed substantial dual adaptation suggesting the use of effective 
contextual cues, which enabled the performer to distinguish between two rotation conditions 
during both adaptation and recall. Since the alternating schedule and its regularity per se 
have been proved to be no effective cue (Karniel & Mussa-Ivaldi, 2002; Woolley et al., 2007), 
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two sensory inputs remained under suspicion. For the opposing group in Experiment 1, 
rotations were aligned to different regions of the workspace, which were associated with 
distinct visual elements on the display (visual cue) and –at the same time– with different 
hand postures (postural cue). Due to this confounding cueing-effect in Experiment 1, 
Experiment 2 aimed for dissociation between the visual and the postural cues regarding their 
effectiveness for dual adaptation. In other words, dual adaptation was re-examined when 
either the visual cue (Experiment 2a) or the postural cue (Experiment 2b) was available. It is 
worth noting that both visual and postural cues in the current study were not only used to 
differ between rotation conditions, they also directly provided sensory input to specify 
movement plans. At this point both kinds of cues were comparable regarding the relevance 
for movement control – in contrast to color cue, for example, which provides per se no 
sensory information for movement control. Taking into account previous findings, which 
indicated a more dominant role of visual representation in movement control (e.g. Mechsner, 
Kerzel, Knoblich, & Prinz, 2001; Müsseler & Sutter, 2009), we assume superiority of the 
visual cue (visual discrimination of task requirements) over the postural cue (postural 
discrimination of task requirements), and consequently, expect better dual adaptation 
performance (e.g. lower switching costs) with visual cues compared to postural cues.  
2.3.1 Method 
Setup and procedure. These were the same as in Experiment 1, except for the following 
changes. The experimental setups of Experiment 2a and 2b are illustrated in Figure 2.1-B 
and -C. In Experiment 2a, the visual workspace was the same as in Experiment 1. Two start 
locations (Start A and Start B) with their corresponding targets were located on the left and 
right side of the display. The start location for the sliding task switched after each block. 
However, in contrast to Experiment 1 the manual start location (Start A’B’) was located in the 
middle of the digitizer tablet and remained stationary throughout the experiment. Again, two 
groups differing in the rotation conditions during adaptation phase performed the experiment. 
Group 1 was exposed to a constant cw rotation, whereas for group 2 the rotation at the left 
start location (Start A) was cw and ccw at the right start location (Start B), which means 
group 2 had to adapt to opposing rotations in an alternating sequence.  
 In Experiment 2b, only one start location (Start AB) and one target (Target AB) were 
presented in the middle of the visual display. However, the manual start location switched 
after each block as in Experiment 1. In the adaptation phase a cw rotation was induced if the 
task was performed at the left start location on the tablet (Start A’) and a cw rotation for 
group 1 and respectively a ccw rotation for group 2 were applied at the right start location 
(Start B’).  
 
Participants. Sixteen (13 females) and fourteen (12 females) students of RWTH Aachen 
University volunteered to take part in Experiment 2a and 2b, respectively. The mean age of 
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participants was 23.1 years (ranging from 18 to 30 years) with a standard deviation of 3.6 
years in Experiment 2a and 22.6 years (ranging from 19 to 32 years) with a standard 
deviation of 3.6 years in Experiment 2b. All participants were right-handed, which was 
ensured again using the Edinburgh Handedness Inventory (mean lateralization quotients of 
75 for Experiment 2a and 82 for Experiment 2b; Oldfield, 1971). All participants were naïve to 
the purpose of the study. 
2.3.2 Results 
Experiment 2a. Figure 2.3-A shows the plot of mean aiming errors of all experimental blocks 
as a function of block number. The main results of the experiment were observed in the 
adaptation phase and the subsequent post-measure. For the adaptation phase, a 2×30 
group-block mixed ANOVA was conducted. A significant main effect of block [F(29, 406) = 9.34, 
p < .001, η2 = .40] indicates successful adaptation. Group difference turned out to be 
significant as well [F(1, 14) = 9.13, p < .009, η2 = .39]. Hence, the constant group showed better 
adaptation performance than the opposing group as illustrated by the fitted power function 
curves in Figure 2.3-A. Examination of possible bias through the unbalanced side-rotation 
combination using a 2×2×15 ANOVA yielded neither main effect of side (p > .19) nor 
interaction between side and group (p > .18). In accordance with these findings, the 
opposing group showed larger aiming error averaged over the adaptation blocks at both left 
[t14 = 3.39, p < .002, one-tailed] and right [t14 = 2.24, p < .021, one-tailed] start locations 
(Figure 2.3-B). 
 In the post-adaptation measure, a 2×10 group-block mixed ANOVA showed a strong 
tendency of the factor block [F(9,126) = 1.93, p < .054, η2 = .12] indicating a temporal decay of 
adaptive shifts and a significant group × block interaction [F(9,126) = 2.10, p < .034, η2 = .13], 
but no main effect of group. The adaptive shift of the constant group declined with time, 
whereas that of the opposing group showed no clear monotonously declining trend. 
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Figure 2.3 (A) Mean aiming errors (with standard errors) in degree in the three experimental 
phases of Experiment 2a broken down into 48 blocks. Every data point represents the 
average of five consecutive trials across all participants within the experimental groups. 
Block 1 to block 8 was baseline measure; Block 9 to block 38 was the adaptation phase; 
Block 39 to block 48 served as post-adaptation measure. A single power function was fitted 
to the adaptation performance for each group using a least-square fit criteria (dotted line for 
the constant group and solid line for the opposing group). (B) Average aiming error (with 
standard error bars) over all adaptation blocks for each group at each start location. 
 
Experiment 2b. The mean aiming errors of all experimental blocks are presented in Figure 
2.4-A. The analysis of the adaptation phase using a 2×30 group-block repeated measures 
ANOVA yielded significant main effect of block [F(29, 348) = 5.87, p < .001, η2 = .33] and a 
significant main effect of group [F(29, 348) = 5.16, p < .042, η2 = .30]. The suspicion that the 
group difference would have been caused merely by the assumingly more difficult ccw 
rotation on the right start location in the opposing group was excluded by a 2×2×15 ANOVA, 
which showed neither main effect of side (p > .39) nor interaction between side and group (p 
> .35). Group comparison regarding average aiming error over adaptation blocks 
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corroborated the homogeneity of both start locations. Hence, the opposing group showed 
larger aiming error averaged over the adaptation blocks at both left [t12 = 2.16, p < .026, one-
tailed] and right [t12 = 2.10, p < .029, one-tailed] start locations (Figure 2.4-B). In the post-
adaptation measure, a 2×10 group-block mixed ANOVA yielded no significant results - 
neither main effects nor group by block interaction.  
 
 
 
 
Figure 2.4 (A) Mean aiming errors (with standard errors) in degree in the three experimental 
phases of Experiment 2b broken down into 48 blocks. Every data point represents the 
average of five consecutive trials across all participants within the experimental groups. 
Block 1 to block 8 was baseline measure; Block 9 to block 38 was the adaptation phase; 
Block 39 to block 48 served as post-adaptation measure. A single power function was fitted 
to the adaptation performance for each group using a least-square fit criteria (dotted line for 
the constant group and solid line for the opposing group). (B) Average aiming error (with 
standard error bars) over all adaptation blocks for each group at each start location. 
 
Initial adaptive shifts across all experiments. In line with the assumption, group difference 
regarding adaptive shifts in the first posttest trial was found to be significant with -23.3 ± 1.9° 
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in the constant group and -15.0 ± 3.4° in the opposing group [t44 = 2.11, p < .021, one-
tailed]. 
 Finally, results based on analysis of switching costs in different cueing conditions were 
in line with our assumption that participants provided with the visual cue were able to switch 
between discordant mappings more effectively, compared to those who could only use the 
postural cue. Hereby, the switching costs in the combined cue condition (Experiment 1) and 
in the visual cue condition (Experiment 2a) did not differ between the constant and opposing 
groups, whereas remarkable group difference was found in the postural cue condition 
(Experiment 2b). The statistics are reported in the following section. 
 
Comparing switching costs across all experiments. Switching costs during adaptation was 
compared between the constant and the opposing groups for all experiments (visual + 
postural cue in Experiment 1 vs. visual cue in Experiment 2a vs. postural cue in Experiment 
2b) using a 3 (cueing conditions) ×2 (rotation groups) ANOVA (Figure 2.5). This analysis 
served as a direct comparison of all three cueing conditions respecting their effectiveness. 
The main effect of the group [F(1, 40) = 9.93, p < .003, η2 = .20] and the cue × group interaction 
[F(2, 40) = 4.77, p < .014, η2 = .19] were found to be significant. In accordance with these 
results, post hoc group comparisons for respective cue conditions yielded only a significant 
group difference in the postural cue condition indicating higher switching costs in the 
opposing group when only postural cue was available [t12 = 3.23, p < .004, one-tailed].  
 
 
Figure 2.5 Mean switching costs (with standard errors) in degree during adaptation. Every 
data point represents the average of a rotation group (open squares for the constant group 
and filled squares for the opposing group) in a certain cueing condition. 
 
2.3.3 Discussion 
In order to examine the effectiveness of different cues for dual adaptation separately, the 
multiple contextual cues in Experiment 1 were decomposed and the components were 
evaluated in Experiment 2. Hence, in Experiment 2a only the visual cue and in Experiment 
2b only the postural cue was available. The findings in respect of dual adaptation were quite 
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comparable to those in Experiment 1. In Experiment 2a and 2b, substantial adaptation in the 
opposing group was found, even though the adaptation was compromised compared to the 
constant group. And again, no discernable group difference was found regarding adaptive 
shift. 
 Finally, results based on analysis of switching costs in different cueing conditions 
were in line with our assumption that participants provided with the visual cue were able to 
switch between discordant mappings more effectively, compared to those who could only 
use the postural cue. Hereby, the switching costs in the combined cue condition (Experiment 
1) and in the visual cue condition (Experiment 2a) did not differ between the constant and 
opposing groups, whereas remarkable group difference was found in the postural cue 
condition (Experiment 2b).  
 
2.4 General Discussion 
The present study aimed to evaluate dual adaptation to discordant visuomotor rotations in an 
alternating sequence. We focused on the impairment arising from dual adaptation and its 
consequence in distinct cueing conditions.  
 It is commonly accepted that learning opposing visuomotor rotations usually 
encounters difficulties because of mutual interference as shown by previous studies focusing 
on the sequential adaptation to different sensorimotor transformations. For instance, Miall 
and colleagues (2004) demonstrated anterograde interference from an original adaptation 
Task A1 to the subsequent discordant Task B; conversely, performance was equivalent in 
Task A1 and the retest A2, suggesting no significant retention of Task A1. Apart from the 
debate whether the latter case is due to retrograde interference, similar phenomena of 
prevented saving of original adaptation through subsequent exposure to a counter-rotation 
were reported in other studies as well (Krakauer et al., 1999; Wigmore, Tong, & Flanagan, 
2002). However, numerous studies reported evidently successful dual adaptation, i.e. the 
concurrent adaptation to different sensorimotor transformations (Bock et al., 2005; Gandolfo 
et al., 1996; Imamizu et al., 2007; Krouchev & Kalaska, 2002; Rao & Shadmehr, 2001; 
Woolley et al., 2007). One essential feature these studies had in common were effective 
contextual cues, which were not provided in those failing to show dual adaptation. Thus, the 
findings arouse the impression that contextual cues must have prevented interference so that 
dual adaptation could succeed. Bock and colleagues (2005) have conceded that the fact, 
that discordant adaptive states are established in parallel, does not exclude the possibility 
that each interferes with the formation of the other. The present study examined this 
possibility by comparing groups adapting either to a constant rotation or to alternating 
discordant rotations. Our data showed indeed noticeable disadvantage of adaptation to 
discordant rotations regarding both the adaptation rate and the overall performance during 
adaptation. Apparently, contextual cues did not eliminate the mutual disruption due to 
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discordant sensorimotor rotations. They rather provide the performer with an instrument to 
distinguish between distinct action contexts associated with different sensorimotor 
requirements, so that multiple adaptations can be performed simultaneously. 
 The open question is whether the compromised adaptation performance in the dual 
adaptation groups was caused by enhanced difficulty in explicit control or by attenuated 
implicit adaptation. Increased cognitive load in explicit control due to discordant task 
requirements appears reasonable. Shadmehr and Holcomb (1999) monitored the neural 
activity of participants during adaptation to opposing force fields. The authors observed 
changes in ventral prefrontal cortex indicating an extra inhibitory process in order to suppress 
the perseveration. This finding is in line with the study by Larssen, Ong, and Hodges (2012) 
showing that a more strategic type of learning aids dual task adaptation. Considering the 
alternating schedule in the present study, the demand of explicit control should have been 
particularly high, since the inhibitory mechanism was switched on by every alternation. Miall 
et al. (2004) argued that it is important to take the magnitude of the absolute directional shift 
into account. Namely, in case of dual adaptation, participants transitioned not from an 
unrotated baseline but from a counter-rotation. Consequently, participants, in the present 
study, had to deal with a shift of 60° after each alternation. Hence, enhanced difficulty in 
explicit control at each alternation should result in larger switching costs. However we did not 
observe any discernable increase in switching costs through opposing rotations in 
Experiment 1 and Experiment 2a. It suggests that in Experiments 1 and 2a both constant and 
opposing groups would have employed similar control strategy. While the constant rotation 
might yield a bias to aim leftwards of the target at both start locations, the opposing rotations 
simply yielded a bias to aim outwards relative to the target locations (i.e. leftwards at the left 
and rightwards at the right start location). Since the suspected strategy in the opposing 
condition relied on the visual separation of two start-target units, which was not given in 
Experiment 2b, it also explains the significantly increased switching costs in the opposing 
group in that experiment. Anyway, comparable explicit control performance in both groups in 
Experiments 1 and 2a indicate that the group difference in the adaptation phase can only be 
explained by difference in implicit adaptation. Unfortunately, adaptive shift gained through the 
post-measure was not able to reflect this difference, since it contains both implicit and explicit 
components during adaptation.  
 Since in both Experiments 2a and 2b substantial adaptation and adaptive shift were 
observed, it could be concluded that dissociation between visual and manual workspace did 
not impair the adaptation. Furthermore, the data show that significantly lower switching costs 
were enabled by visual cue compared to the postural cue. This finding seems to contradict a 
previous study by Woolley et al. (2007) that favored motor over visual contextual cues. 
However, as pointed out by Hegele and Heuer, (2010), the study by Woolley et al. (2007) 
comprised a potential confound. Their setup was unable to dissociate the relative 
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contribution of distinct motor requirements and of the visual separation of movement targets 
in dual adaptation. Hence, our results present actually an extension to their findings rather 
than a contradiction.  
 Finally, it still remains interesting to review the present findings in a future study using 
a multiple-targets scenario to enhance the task complexity and a more elaborated post-
measure to separate implicit and explicit components in adaptation.  
 
2.5 Conclusion 
In case of dual adaptation, visual, postural, or a combination of cues allowed anticipation of 
different visuomotor mappings and therefore enabled dual adaptation. However, contextual 
cues did not eliminate the mutual impairment between conflicting visuomotor rotations. 
Consequently, dual adaptation was attenuated in comparison to single adaptation. 
Comparison between visual and postural cues showed that visual cue was more powerful to 
reduce switching costs during dual adaptation.  
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3. Study Two4 
Generalization of visuomotor adaptation depends 
on the spatial characteristic of visual workspace 
 
3.1 Introduction 
The phenomenon of visuomotor adaptation is abundantly investigated and well known. For 
instance, when in a reaching task the visual information is spatially shifted by a prism, 
movements fall initially short of its target, but performance improves continuously until a 
more or less error-free behavior is achieved (visuomotor adaptation). Withdrawing the prism 
after adaptation results in the so-called aftereffect, that is in reaching errors caused by 
maintaining the adapted motor behavior after returning to the undistorted environment (e.g. 
Bedford, 1993; Ooi, Wu, He, & others, 2001; Priot, Laboissière, Sillan, Roumes, & Prablanc, 
2010; Redding & Wallace, 1996, 2006). 
 Motor learning in form of visuomotor adaptation relies on updates of internal models 
(Wolpert et al., 1995) to counteract distorted visuomotor properties. Such model-based 
learning mechanisms could be either implicit or explicit (Clower & Boussaoud, 2000; Hegele 
& Heuer, 2010; Mazzoni & Krakauer, 2006; Sülzenbrück & Heuer, 2009). In case of implicit 
adaptation, minimal online corrections are – without conscious experience – automatically 
triggered through discrepancies between actual and desired action effects. After some 
repetitions, real-time error monitoring leads to an update of the internal action model, which 
is usually accompanied by solid aftereffects (Hinder, Riek, Tresilian, Rugy, & Carson, 2010; 
Shabbott & Sainburg, 2010). Explicit adaptation is characterized by intentional control of 
motor action to rapidly compensate changed action dynamics. In such cases, aftereffects are 
usually diminished or completely absent (Hinder, Tresilian, Riek, & Carson, 2008). The 
proportional contribution of – in most instances coexisting – implicit and explicit mechanisms 
of motor adaptation can vary with task features. For instance, a stepwise gradually 
increasing distortion allowed more complete adaptation and elicited a larger aftereffect than a 
sudden distortion onset. This finding suggested an increased proportion of implicit adaptation 
(Kagerer et al., 1997; Michel, Pisella, Prablanc, Rode, & Rossetti, 2007; Saijo & Gomi, 2010). 
 Aftereffect is also considered as an indicator for generalization, when updated motor 
control is applied to other regions or other targets in the action space (e.g. Krakauer et al., 
2000; Mattar & Ostry, 2007) or to other body effectors (intermanual generalization; e.g. 
Sainburg & Wang, 2002; Wang & Sainburg, 2003). Further, generalization could be either 
beneficial (transfer) or detrimental (interference; cf. Krakauer, Mazzoni, Ghazizadeh, 
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Ravindran, & Shadmehr, 2006). Transfer occurs if the same rotation in the prior adaptation 
phase or a similar one is applied in the subsequent learning phase (Krakauer et al., 2000; 
Mattar & Ostry, 2007; Sainburg & Wang, 2002; Thoroughman & Shadmehr, 2000). In 
contrast, if the visuomotor rotation in the generalization phase was opposed, learning was 
interfered through the prior adaptation (Bock et al., 2001; Krakauer et al., 2005; Krakauer et 
al., 2006; Wang & Sainburg, 2003). 
 
 
Figure 3.1 The basic procedure in the experiments. First participants aimed at a target A 
from a start position A on a digitizer tablet. Visual feedback on the display was clockwise 
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(cw) or counterclockwise (ccw) rotated. After visuomotor adaptation, generalization was 
examined with starting from position B in two different workspaces: the parallel workspace 
(A) and the symmetrical workspace (B). We hypothesized that in the parallel workspace a 
parallel shift of movements yielded in better performance in the generalization phase (dotted 
lines), while in the symmetrical workspace the mirror-inverted constellation is advantageous 
(dashed lines). The horizontal lines across the targets mark the reward range. The dotted 
circles (which is actually not visible to the participants) around the start positions mark the 
acceleration range for the aiming movement. 
 
The present study focused on the process of visuomotor generalization, more 
precisely, on the influence of the spatial structure of distal workspace on the generalization 
process. In other words, we examined whether spatial features of the workspace induce 
transfer or interference. In the literature, the distal workspace is casually termed “visually 
based extrinsic space” (e.g. Wang et al., 2010), and is referred to as the ensemble of all 
visual elements, which represents the action and the environment. In our case, it includes the 
visual representation of the start positions, the target(s), and their location to each other. 
Participants were seated in front of a digitizer tablet and performed aimed movements on a 
computer display from a start position to a target. Figure 3.1 shows that the left cursor 
movements on the screen were clockwise (cw) or counterclockwise (ccw) rotated. Successful 
adaptation should result in movements, which compensate for the rotation with a counter 
rotating correction (dotted lines for cw rotation and dashed lines for ccw rotation). 
After adaptation we examined generalization in two different workspaces, the parallel 
and the symmetrical workspace. In the parallel workspace (Figure 3.1-A) the stimulus 
configuration was simply shifted from the left to the right side of the monitor (start position B 
and target B), and accordingly, the movements were parallel shifted. The required cw 
adaptation at this position was concordant with the preceding cw rotation. In this case, the 
internal model could be simply maintained and marginally modified to fit the new effector 
configuration, which should facilitate the adaptation. In contrast, prior adaptation to a ccw 
rotation is discordant with the subsequent task requirement to adapt to an opposing – i.e. cw 
rotation, and hence make the adaptation difficult. Taken together, within this workspace our 
hypothesis was in accordance with previous studies demonstrating generalization of 
adaptation to adjacent movement directions, probably due to the narrow directional tuning 
width of the neurons involved in visuomotor adaptation (Tanaka et al., 2009).  
 In the symmetrical workspace (Figure 3.1-B) the start position was shifted from the 
left to the right side of the monitor, but the target remained at its position. Since the angular 
separation between the movement directions from the left and the right start position was as 
much larger (78°) than the narrow tuning width (~ 23°) based on the population coding model 
(Tanaka et al., 2009), no generalization should be observed – independent of whether a cw 
or a ccw rotation was applied in the adaptation phase. However, modular theories of 
adaptive motor control offer an alternative prediction (e.g. Haruno et al., 2001; Jacobs, 
Jordan, & Barto, 1991). Modular theories postulate a probabilistic estimation based on the 
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perception of the context. In this way, the visual input selects the appropriate control module 
based on prior knowledge (Miall, 2002). Hence, global structural similarity of the context in 
the adaptation and in the generalization phase is more crucial than local features like 
movement direction. In our case, the visual workspace formed by the start positions and the 
target, and accordingly the movements to the target are symmetrical about the vertical axis. 
We suppose that this spatial regularity allows the estimator to predict a mirror-inverted 
scenario and further determine a transformation of the internal model into a mirror-inverted 
version. Hence the preceding ccw rotation, which is opposite to the subsequent cw rotation, 
establishes a concordant condition, and consequently results in better performance in the 
generalization phase compared to the discordant condition with a preceding cw rotation. 
Taken together, the definition of “concordance” and “discordance” is reversed compared to 
that in the parallel workspace. To our knowledge the finding of a counter rotating 
generalization would establish a new pattern of results demonstrating the influence of the 
spatial workspace.  
 In the following experiments we first examined the predictions within the parallel 
workspace (Experiment 1). Then we examined the symmetrical workspace with unimanual 
(Experiment 2a) and intermanual generalization (Experiment 2b). Note, in all experiments the 
advantage of the concordant condition and the disadvantage of the discordant condition are 
defined relatively to each other. Compared to generalization studies focusing on difference 
between (pre-)adaptation and post-adaptation performance (Krakauer, 2009; Krakauer et al., 
2006; Wang & Sainburg, 2003), the core issue of the current study demands direct 
comparison of two different generalization conditions (concordant vs. discordant). The 
performance should differ between both conditions regarding the initial error or the learning 
rate. Consequently, the result analysis is based mainly on the performance differences 
between both conditions rather than on the absolute transfer or interference effect of the 
conditions per se.  
 In all experiments aiming movements were gathered with a sliding paradigm, in which 
a computer cursor was flicked to a target with a rapid and short-ranged stylus movement on 
the graphic tablet. It is well known that movement control can be divided into an initial 
ballistic phase followed by a terminal phase with online correction (Medina, Jax, & Coslett, 
2009). The initial vectorial movement control and the terminal correction phase obviously are 
based on different cognitive processes, which are playing different roles in visuomotor 
adaptation (Wang & Sainburg, 2005). Despite great effort in analyzing the trajectory of 
reaching movements, a reliable separation of both components was barely achieved 
retrospectively in previous studies. For the present purpose the substantial advantage of the 
sliding paradigm compared to the widely used reaching movements is its focus on vectorial 
movement control by precluding online corrections. 
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3.2 Experiment 1 
Participants performed aimed sliding movements with their dominant right hand from the left 
start position with either a 30° cw or a 30° ccw rotation (adaptation sessions 1 and 3 in 
Table 3.1). After adaptation they started with the same hand from the right position applying 
a 30° cw rotation (critical generalization sessions 2 and 4 in Table 3.1). In the parallel 
workspace (Figure 3.1-A) the stimulus configuration and sliding movements were simply 
shifted from the left to the right side, while the required movement direction remained the 
same. Hence, generalization condition is concordant when in the preceding session a cw 
rotation is applied and discordant when a ccw rotation is applied (cf. Table 3.1). The 
concordant condition should – compared to the discordant condition – exhibit an advantage 
for the performance in generalization regarding the initial aiming error or/and the adaptation 
rate. 
3.2.1 Method 
Apparatus and stimuli. The setup and the apparatus were the same in all experiments. The 
apparatus was controlled by an Apple Macintosh computer with MatLab software and the 
Psychophysics Toolbox (Kleiner et al., 2007). The room lights were dimmed throughout the 
experiment. 
 Participants were seated at a table. The height of the chair was adjusted individually 
to ensure comparable viewing and action conditions across subjects. A DIN-A3 digitizer 
tablet (Wacom Intuos2) resting horizontally on the table was covered by a fiberboard to block 
subjects’ view of their hand on the tablet. The digitizer tablet was configured in absolute 
position-matching mode. In this mode, each dot on the tablet was assigned to a dot on the 
display screen in a fixed manner. Participants controlled the cursor movement (a small blue 
disk with 4 mm in diameter) on the computer display with a stylus held in their right hand. 
The cursor movement was displayed on a 22″ CRT color monitor (model: Iiyama Vision 
Master Pro514; resolution: 1024 × 768 pixels; refresh rate: 100 Hz), which was placed 
upright on the table with its center at subjects’ eye level and with a distance of about 65 cm 
in front of the subjects.  
 The spatial configuration of the visual workspace is illustrated in Figure 3.1-A. The 
start and target positions were marked with grey dots (5 mm in diameter) visible throughout 
the experiment. A gray line of 50 mm at each side of the target’s horizontal periphery served 
as target line marking the reward range. The distance between start positions was 32 cm, the 
height of the triangle 20 cm. The start positions and their respective corresponding targets 
constructed a right-skewed parallelogram with adjacent angles of 75° and 105°. 
 
Table 3.1 Sequence of sessions in the experiments. Critical generalization sessions 2 and 4 
are marked in italics. 
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Experiment 
 
Spatial 
Property 
of Workspace 
Session No.  
(Block No.) 
Start  
Position 
Visuomotor  
Rotation in group 1 
Visuomotor  
Rotation in group 2 
  
baseline 
(block 1-2) 
left - 
right 
0° 0° 
1 
intramanual 
parallel 
1 (block 3-7) 
2 (block 8-12) 
Left - 
right 
30° cw 
30° cw 
concordant 
30° ccw 
30° cw 
discordant 
  
3 (block 13-17) 
4 (block 18-22) 
Left - 
right 
30° ccw 
30° cw 
discordant 
30° cw 
30° cw 
concordant 
  
baseline  
(block 1-2) 
left - 
right 
0° 0° 
2a 
intramanual 
symmetrical 
1 (block 3-7) 
2 (block 8-12) 
left - 
right 
30° cw 
30° cw 
discordant 
30° ccw 
30° cw 
concordant 
  
3 (block 13-17) 
4 (block 18-22) 
left - 
right 
30° ccw 
30° cw 
concordant 
30° cw 
30° cw 
discordant 
2b  
intermanual 
symmetrical as Experiment 1a 
 
Procedure. At the beginning of each trial, the start position illuminated in yellow signalizing 
the valid start position, while the other start position stayed gray. Subjects had to place the 
cursor exactly on this start position. After staying on the start position for 500 ms, a pure tone 
(840 Hz) was released for 100 ms, which signaled that the trial was unlocked and the 
subjects had to initiate a sliding movement with their right hand as soon as possible. They 
were instructed to slide the cursor to a given target as precisely as possible, by accelerating 
the cursor with a short-ranged flicking motion of the stylus on the tablet. The flicking motion 
determines the proximate direction of the cursor within a radius of 2 cm around the start 
position. Inside this area the cursor was controlled by stylus motion on the table for the 
purpose of movement initiation. Once the cursor left this area, it began to slide on a constant 
velocity of 17 cm/s straightly holding its direction. After the cursor hit the target line, a hit 
score was displayed immediately beside the final cursor position. Depending on the deviation 
from target middle, the hit score varied from 10 (maximum score with target middle) to 0 
(minimum score 50 mm or more out of range). Individual total score gained through the 
experiment was multiplied by a fixed rate of 0.5 euro cent per hit point, in order to calculate 
the performance-based reward of each participant. 
 The sessions of the experiment were scheduled in Table 3.1. After getting acquainted 
with apparatus, participants performed the sliding task in 22 consecutive blocks (with 5 trials 
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each). Session 0 with block 1 and block 2 served as baseline without visuomotor rotation. All 
trials of block 1 were carried out on the left start position and all trials of block 2 on the right 
start position. Session 1 contained 5 blocks (block 3-7) on the left start position. A 30° 
rotation was introduced to alter the visual feedback during the initial acceleration throughout 
the session. The direction of this rotation was different between the experimental groups. For 
subject Group 1 it was cw and for subject Group 2 ccw. After Session 1, the starting position 
was shifted to the right. From there all subjects performed the critical Session 2 (blocks 8 to 
12) with a 30° cw rotation. Session 2 was the first crucial session gathering generalization. 
Start position in Session 3 (blocks 13 to 17) was again at the left side. This session served to 
establish a ccw or cw adaptation complementary to session 1. To this end, rotations were 
now ccw for subject group 1 and cw for subject Group 2. In Session 4 (blocks 18 to 22) the 
critical generalization was again examined with a cw rotation. Since the rotation direction in 
Session 2 and Session 4 (generalization session) was always cw, it has been ensured that 
the crucial generalization sessions were comparable with each other – within and between 
subject groups. After each block a summary of hit score was provided and the subjects could 
take a short break before the next block. The entire experiment lasted approximately 35 
minutes.  
 
Design and data analysis. The different sequences of the adaptation and generalization 
sessions between subject groups were the first independent factor of the experiment. The 
critical generalization sessions and the amount of blocks were within subject factors. Thus, 
the experiment based on a 2 (subjects groups) × 2 (generalization sessions 2 and 4) × 5 
(generalization blocks) mixed design.  
 As dependent variable aiming errors were gathered as angular deviations α (in 
degree) from the ideal trajectory. α was 0, if the actual cursor trajectory fit the ideal trajectory 
exactly. A positive α value indicated a clockwise deviation and a negative α value indicated a 
counterclockwise deviation relative to the ideal trajectory. For statistical analysis, α-values of 
all experimental blocks were normalized by subtracting the baseline deviations in block 1 and 
block 2, respectively. 
  The adaptation performance in Session 1 and Session 3 was captured by analyzing 
the absolute aiming errors. A 5 (adaptation blocks) × 2 (groups) ANOVA was conducted for 
each adaptation session. The initial blocks in the generalization sessions were first compared 
between both groups using independent sample t-tests. In order to examine whether the 
group difference in the initial generalization blocks was relying on different generalization 
conditions, a 2 (blocks: Block 8 and Block 18) × 2 (groups) ANOVA was conducted. The 
transitions from Session 1 to Session 2 and from Session 3 to Session 4 each were captured 
by a 2 (blocks: the last block of adaptation and the 1st block of generalization) × 2 (groups) 
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ANOVA. Finally, the initial generalization blocks underwent a trial-by-trial analysis using 5 
(trials) × 2 (groups) ANOVAs and post-hoc tests. 
 
Participants. Twenty naive students (10 females) took part in the experiment. Their mean 
age was 23.4 years (ranging from 20 to 31 years) with a standard deviation of 2.7 years. The 
Edinburgh Handedness Inventory (Oldfield, 1971) yielded a mean lateralization quotient of 
58.9. Participants were randomly assigned to one of the two groups.  
3.2.2 Results and discussion 
Results are depicted in Figure 3.2 Mean aiming errors in Block 1 and Block 2 showed 
comparable baseline performance between the subject groups. The decline in aiming errors 
within each session indicated successful adaptation. 
 
 
Figure 3.2 Mean aiming errors (with standard errors) in degree in the five experimental 
sessions of Experiment 1 broken down into 22 blocks. Every data point represents the 
baseline-corrected average of five consecutive trials across all subjects within the 
experimental groups. Positive values indicate deviation in cw direction and negative values 
indicate deviation in ccw direction. Dotted and continuous lines represent fitted single power 
functions (y = β1*x^ β2). Session 1 and 3 were adaptation sessions with cw or ccw rotation. 
Critical differences in generalization Sessions 2 and 4 are encircled with ellipsis. 
 
Adaptation sessions (Session 1 and Session 3). The ANOVAs yielded remarkable group 
differences in both adaptation sessions. In Session 1, the initially large group difference 
diminished in the course of adaptation, which resulted in a main effect of group by trend 
[F(1,18) = 3.14, p < .093, ŋ2=.15] and a significant group by block interaction [F(4,72) = 8.65, p < 
.009, ŋ2 = .26]. Similar results were found in Session 3 showing a main effect of group [F(1,18) 
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= 17.37, p < .001, ŋ2 = .49] and a group by block interaction [F(4,72) = 8.74, p < .001, ŋ2 = .33] 
indicating a decline of the group difference over time. However, these findings had a 
reversed pattern showing better adaptation performance of Group 1 in Session 1 and better 
adaptation performance of Group 2 in Session 3, which suggested that changing rotation 
directions rather than subject groups were the source for the observed differences. In other 
words, a cw rotation was easier to be adapted than a ccw rotation, which was probably due 
to a greater difficulty in movement execution to counteract a ccw rotation. Significant main 
effect of block suggest substantial learning in both adaptation sessions (Session 1: [F(4,72) = 
19.04, p < .001, ŋ2 = .51]; Session 3: [F(4,72) = 49.49, p < .001, ŋ2 = .73]). The findings in the 
adaptation sessions per se concern our research question only marginally, since the major 
focus is on the generalization sessions.  
 
Generalization sessions (Session 2 and Session 4). As marked in Figure 3.2 the 
generalization performance of the groups differed mainly in the initial aiming errors. Aiming 
errors in the first block of the crucial generalization sessions were smaller in the concordant 
condition – that means when a cw rotation instead of a ccw rotation was adapted in the 
precursory session. In other words, regarding initial errors participants were able to transfer 
in the concordant condition better than in the discordant condition in both Session 2 (αconcordant 
= 6.99° vs. αdiscordant = 19.52°, [t(18) = 3.11, p < .003, one-tailed]) and Session 4 (αconcordant = 
4.75° vs. αdiscordant = 11.13°, [t(18) = 2.55, p < .01, one-tailed). This result was confirmed by a 
significant block (Block 8 and Block 18) by group interaction [F(1,18) = 21.78, p < .001, ŋ2 = .55] 
indicating reversed group difference caused by reversed generalization condition. Since the 
task requirement in the generalization session of both groups was completely identical, the 
observed group differences must be a product of different adaptation condition in the 
preceding training session. As illustrated in Figure 3.2, the final adaptive state after exposure 
to an opposing rotation caused larger initial error in the subsequent generalization session, 
which resulted in significant group by block interactions in the transition from Session 1 to 
Session 2 [F(1,18) = 25.24, p <.001, ŋ2 = .58] and from Session 3 to Session 4 [F(1,18) = 14.93, p 
<.001, ŋ2 = .45]. 
 As aforementioned, the group differences in the generalization sessions were located 
mainly in the first block but not in the later adaptation blocks, which indicates different initial 
motor bias as the primary source of the group difference rather than generalization, which 
affects particularly the adaptation rate (Krakauer et al., 2006). Thus, more stronger group 
differences should be observed in the first few trials. Additionally, with respect to the 
introduced rotation of 30°, angular errors in both Block 8 and Block 18 were on a remarkably 
low level for both groups, which could be caused by an extensive transfer effect or by a 
strong training effect within a block. It makes a breakdown of the blocks into single trials 
meaningful. Accordingly, single trial analysis was conducted for Block 8 and Block 18. 
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Figure 3.3 Mean aiming errors (with standard errors) of the initial block of Session 2 (Block 
8) and the initial block of Session 4 (Block 18) in single trial analysis of Experiment 1. Both 
blocks were broken down into 5 trials each. Every data point represents the average of all 
subjects within an experimental group. 
 
As illustrated in Figure 3.3, Block 8 showed initially large errors followed by a rapid decline. A 
5 (trials) × 2 (groups) mixed ANOVA yielded significant main effect of group [F(1,18) = 9.68, p 
< .006, ŋ2 = .35], which was in line with the group differences reported in the previous 
section. More importantly, post-hoc tests with Bonferroni correction (p = .010) yielded large 
group differences in the first [t(18) = 2.70, p < .008, one-tailed] and the third trial [t(18) = 4.46, p 
< .001, one-tailed], and a trend in the second trial [t(18) = 2.11, p < .025, one-tailed]. For Block 
18 a 5 (trials) × 2 (groups) mixed ANOVA yielded significant main effect of group [F(1,18) = 
6.49, p < .02, ŋ2 = .27]. Even though no significant group difference was found in post-hoc 
comparisons of single trials, a trial (the first trial in Block 8 and the first trial in Block 18) by 
group interaction by trend was found [F(1,18) = 4.27, p < .054, ŋ2 = .19] indicating reversed 
group difference caused by reversed generalization condition.  
 
3.3 Experiment 2a and 2b 
Since Experiment 1 brought evidence for the advantage of preceding adaptation to the same 
rotation for the subsequent generalization in a parallel workspace, which is consistent with 
previous findings in the literature, Experiment 2 aimed to demonstrate the reversed finding. 
In the symmetrical workspace (Figure 3.1-B) the relationship between workspace and 
visuomotor rotation is concordant when in the preceding session a ccw rotation was 
introduced, and discordant when a cw rotation was applied (Table 3.1). In accordance with 
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our hypotheses outlined in the Introduction, we expected better performance in the 
generalization session in the concordant condition compared to the discordant condition. And 
this effect should be mainly pronounced in the initial aiming errors as shown in Experiment 1. 
Experiment 2a and 2b focused respectively on intramanual and intermanual generalization.  
3.3.1 Method 
Apparatus and stimuli. The basic design remained the same as in Experiment 1. The major 
difference between experiments was the spatial feature of the visual workspace. In 
Experiment 2a and 2b, two start positions and a target shaped an isosceles triangle with 
base angles of 51° (Figure 3.1-B).  
 
Procedure of Experiment 2a. The sessions of the experiment are scheduled in Table 3.1. In 
Session 1, participants performed aimed sliding movements from the left start position with 
either a 30° cw (Group 1) or a 30° ccw (Group 2) rotation. After adaptation they started from 
the right start position with a 30° cw rotation in Session 2. Given the symmetrical workspace, 
the generalization condition was discordant for Group 1 and concordant for Group 2.  
 The rotation in the second adaptation session (Session 3) had the same magnitude 
but reversed direction in both subject groups, which means ccw for Group 1 and cw for 
Group 2. Since the rotation in the subsequent generalization session (Session 4) remained 
30° cw, the generalization condition was reversed as well, which means concordant for 
Group 1 and discordant for Group 2. All movements were again performed with the dominant 
right hand. Hence, the transition from the adaptation sessions to the proximate generalization 
constituted an intramanual transfer scenario. 
 
Procedure of Experiment 2b. Experiment 2b was based on the same procedure as 
Experiment 2a with only one change: in Experiment 2b each start position was assigned to 
the laterally corresponding hand. Consequently, adaptation Session1 and Session 3 were 
performed with the left hand, whereas generalization Session 2 and Session 4 were 
performed with the dominant right hand. Hence, the transition from the adaptation sessions 
to the proximate generalization constituted an intermanual transfer scenario.  
 
Design and data analysis. Experiment 2a and 2b had the same 2 (subjects groups) × 2 
(generalization sessions 2 and 4) × 5 (generalization blocks) mixed design as Experiment 1. 
And again, angular deviation α (in degree) from the ideal trajectory was registered as 
dependent variable, which was normalized by subtracting the baseline deviation in Block 1 
and Block 2, respectively. The normalized aiming errors underwent the same statistical 
analyzes as described in Experiment 1. 
 
Participants. Eighteen right-handed students (15 females) from RWTH Aachen University 
took part in Experiment 2a and twenty other right-handed students (13 females) in 
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Experiment 2b. Participation in the experiments was reimbursed with 5 € plus a performance-
based reward of max. 5 €. In Experiment 2a the mean age of participants was 22.5 years 
(ranging from 19 to 28 years) with a standard deviation of 2.2 years, in Experiment 2b it was 
22.6 years (ranging from 19 to 29 years) with a standard deviation of 2.9 years. Handedness 
was ensured with the Edinburgh Handedness Inventory (mean lateralization quotients of 76.8 
in Experiment 2a and 70.0 in Experiment 2b; Oldfield, 1971). In both experiments, 
participants were randomly assigned to one of the two groups.  
3.3.2 Results Experiment 2a 
In the baseline measure (Block 1 and Block 2 in Figure 3.4) marginal inherent aiming bias 
was observed, which was comparable between both subject groups. The time courses of 
adaptation in all experimental sessions were quantified by fitting single power functions to the 
group mean data. 
 
 
Figure 3.4 Mean aiming errors (with standard errors) in degree in the five experimental 
sessions of Experiment 2a broken down into 22 blocks. Every data point represents the 
baseline-corrected average of five consecutive trials across all subjects within the 
experimental groups. Positive values indicate deviation in cw direction and negative values 
indicate deviation in ccw direction. Dotted and continuous lines represent fitted single power 
functions (y = β1*x^ β2). Session 1 and 3 were adaptation sessions with cw or ccw rotation. 
Critical differences in generalization Session 2 and 4 are encircled with ellipsis. 
 
Adaptation sessions (Session 1 and Session 3). Analysis of the absolute aiming errors in 
Session 1 and Session 3 using 5 (adaptation blocks) × 2 (groups) ANOVAs yielded neither 
main effect of group (p > .23) nor group by block interaction (p > .36). Significant main effect 
of block suggest substantial learning in both adaptation sessions (Session 1: [F(4,64) = 52.42, 
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p < .001, ŋ2 = .77]; Session 3: [F(4,64) = 42.89, p < .001, ŋ2 = .73]). For the present research 
question the more important findings regarding the generalization performance in 
dependence of final adaptive states are reported in the following section. 
Generalization sessions (Session 2 and Session 4). The main results were observed in the 
critical generalization sessions 2 and 4, which showed group difference regarding the initial 
aiming error. In accordance with our hypotheses, initial performance (Block 8) in Session 2 
was better after ccw rotation in Session 1, which established a concordant condition for the 
generalization (αconcordant = 11.10 vs. αdiscordant = 14.68°, [t(16) = 1.93, p < .036, one-tailed]). The 
same pattern of finding was observed in Session 4 with a tendentially smaller initial aiming 
error (Block 18) in the concordant condition (αconcordant = 5.20° vs. αdiscordant = 9.73°, [t(16) = 1.62, 
p < .063, one-tailed]). This result was confirmed by a significant block (Block 8 and Block 18) 
by group interaction [F(1,16) = 13.32, p <.002, ŋ2 = .45] indicating a reversed group difference 
caused by a reversed generalization condition. We further evaluated these group differences 
in background of different adaptation conditions in the preceding training session, which 
according to the experimental variation must be the only cause of this between-subject 
effect. As marked in Figure 3.4, significant group effects were observed in the transition from 
Session 1 to Session 2 [F(1,16) = 34.28, p < .001, ŋ2 = .68] and from Session 3 to Session 4 
[F(1,16) = 11.98, p < .003, ŋ2 = .43]. In both cases no group by block interaction was found, 
which means – in contrast to Experiment 1 – the final adaptive state after exposure to an 
opposing rotation did not cause a larger but a smaller initial error in the subsequent 
generalization session. 
 
Figure 3.5 Mean aiming errors (with standard errors) of the initial block of Session 2 (Block 
8) and the initial block of Session 4 (Block 18) in single trial analysis of Experiment 2a. Both 
blocks were broken down into 5 trials each. Every data point represents the average of all 
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subjects within an experimental group. 
 
 As Experiment 1, the group differences in the generalization sessions were located 
mainly in the first block. Since the initial motor bias should be more pronounced in the first 
few movements, we expected stronger group differences by conducting single trial analysis 
for Block 8 and Block 18. Indeed, single trial analysis shown in Figure 3.5 yielded significant 
group differences in the first trial of Block 8 (αconcordant = 23.42° vs. αdiscordant = 33.61°, [t(16) = 
2.09, p < .027, one-tailed]) and in the first trial of Block 18 (αconcordant = 6.66° vs. αdiscordant = 
20.98°, [t(16) = 1.89, p < .039, one-tailed]). Accordingly, a 2 trials (the initial trial in Block 8 and 
the initial trial in Block 18) × group ANOVA showed a significant trial by group interaction 
[F(1,16) = 9.95, p < .006, ŋ2 = .39] indicating reversed group difference caused by reversed 
generalization condition. 
3.3.3 Results Experiment 2b 
Results of Experiment 2b are depicted in Figure 3.6. Both groups showed again comparable 
performance in the baseline measure.  
 
Figure 3.6 Mean aiming errors (with standard errors) in degree in the five experimental 
sessions of Experiment 2b broken down into 22 blocks. Every data point represents the 
baseline-corrected average of five consecutive trials across all subjects within the 
experimental groups. Positive values indicate deviation in cw direction and negative values 
indicate deviation in ccw direction. Dotted and continuous lines represent fitted single power 
functions (y = β1*x^ β2). Session 1 and 3 were adaptation sessions with cw or ccw rotation. 
Critical differences in generalization Session 2 and 4 are encircled with ellipsis 
 
Adaptation sessions (Session 1 and Session 3). Absolute aiming errors in Session 1 and 
Session 3 were analyzed using 5 (adaptation blocks) × 2 (groups) ANOVAs. In Session 1, no 
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significant group effect (p > .29) or group by block interaction (p > .81) was found. In 
contrast, a significant group main effect [F(1,18) = 5.26, p <.034, ŋ2 = .23] was observed in 
Session 3 showing better adaptation performance of Group 2 (cw rotation) compared to 
Group 1 (ccw rotation). Significant main effect of block suggests progressive reduction of 
aiming error in both adaptation sessions (Session 1: [F(4,72) = 21.26, p < .001, ŋ2 = .54]; 
Session 3: [F(4,72) = 29.92, p < .001, ŋ2 = .62]). In the following section, we focused on the 
more relevant issue concerning the group differences in the generalization sessions with 
respect to the respective preceding final adaptive states. 
 
Generalization sessions (Session 2 and Session 4). Comparison of experimental groups 
regarding the aiming performance in the critical generalization sessions yielded consistent 
findings with those of Experiment 2a. Smaller aiming error in the first block (Block 8) of 
Session 2 was observed, when the preceding adaptation was ccw, which means the 
condition was concordant (αconcordant = 14.01° vs. αdiscordant = 22.72°, [t(18) = 2.59, p < .009, one-
tailed]). Further inspection of this group difference in background of the final adaptive state of 
Session 1 via a 2 blocks (final block in session 1 and first block in Session 2) × 2 groups 
ANOVA showed significant main effect of group [F(1,18) = 16.06, p < .001, ŋ2 = .47] and no 
block by group interaction (p > .83). This result indicated the final adaptive state after 
exposure to an opposing rotation did not cause a larger but a smaller initial error in the 
subsequent generalization session. Even though no significant group difference in the initial 
block (Block 18) in Session 4 was found, single trial analysis (Figure 3.7) corroborated the 
advantage of opposing adaptation for the subsequent generalization by showing large group 
differences in the first trial of both Block 8 (αconcordant = 23.38° vs. αdiscordant = 39.91°, [t(18) = 
2.86, p < .005, one-tailed]) and Block 18 (αconcordant = 2.90° vs. αdiscordant = 17.06°, [t(18) = 2.59, 
p < .001, one-tailed]). Additionally, a 2 trials (the initial trial in Block 8 and the initial trial in 
Block 18) × group ANOVA showed a significant trial by group interaction [F(1,18) = 32.26, p < 
.001, ŋ2 = .76] indicating reversed group difference caused by reversed generalization 
condition. 
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Figure 3.7 Mean aiming errors (with standard errors) of the initial block of Session 2 (block 
8) and the initial block of Session 4 (block 18) in single trial analysis of Experiment 2b. Both 
blocks were broken down into 5 trials each. Every data point represents the average of all 
subjects within an experimental group. 
 
3.3.4 Discussion 
In accordance with our hypotheses both Experiment 2a and 2b demonstrated group 
differences in favor of opposing rotation in a symmetrical workspace. Furthermore, the 
advantage of the opposing rotation was observed mainly in the first blocks of both 
generalization sessions. Hence the effect relies primarily on a motor bias rather than 
generalization of learning process, which should pronounce mainly in adaptation rate. We 
assume that the motor control is guided by the a priori hypotheses about the property of the 
action environment, whereby the spatial particularity of the workspace was taken into 
account. 
 
3.4 General Discussion 
The present study attempts to get a better understanding of visuomotor adaptation and 
generalization by taking the spatial property of the distal workspace into account. Findings of 
previous studies suggest that transfer occurs when the rotation is maintained for other 
regions, other targets in action space, or other body effectors ( Krakauer et al., 2000; Mattar 
& Ostry, 2007; Sainburg & Wang, 2002; Thoroughman & Shadmehr, 2000). More 
importantly, these studies have also shown that visuomotor adaptations have narrow 
generalization functions regarding movement directions, i.e. learning in one movement 
direction only affects subsequent movements into adjacent directions. However, the present 
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study demonstrated that the way prior adaptation affects the subsequent action depends on 
the spatial property of the workspace.  
 The findings coincide with those reported by (Wang et al., 2010). In that study, 
subjects performed bilateral movements to targets either in the same or opposing directions, 
while the visuomotor rotations altering the feedback of the movements were either the same 
or opposing to each other as well. The results indicated minimal bilateral interference when 
both target directions and visual rotation directions were parallel or symmetrical (corresponds 
to the concordant conditions in Experiment 1 and Experiment 2 in the current study) between 
the arms. In spite of differences in the tasks, both studies are in agreement with the idea that 
visual information processing and global structural similarity of the visual context play a major 
role in optimal motor learning. In the present study, the influence of the visual action context 
was demonstrated regarding two aspects.  
 Firstly, we could show reversed effects of prior adaptation across the experiments 
(Experiment 1 vs. Experiment 2). In the parallel workspace (Experiment 1), adaptation to the 
same (cw) rotation was beneficial and enabled better performance in the generalization 
phase than prior adaptation to an opposing (ccw) rotation. In a symmetrical workspace 
(Experiment 2a and 2b), prior adaptation to an opposing (ccw) rotation was more 
advantageous for the performance in the generalization phase. Consequently, the 
concordance or discordance between prior adaptation and subsequent generalization has 
turned out to be a function of the workspace, even though the differences between 
concordant and discordant conditions were limited to the initial performance. It is also 
essential to stress that the difference between the concordant and discordant conditions is 
not necessarily a result of a better transfer in the concordant setting. Although the single trial 
analyses in the concordant generalization condition showed some positive transfer reducing 
the initial aiming error caused by the visuomotor rotation, the group effects seemed to be 
driven primarily by interference in the discordant condition. To estimate the transfer and 
interference and their partial contributions to the group difference, post-adaptation 
performance has to be measured without visuomotor rotation. In this way, aftereffects as the 
driving force for either transfer or interference can be quantified precisely. Hence, it remains 
interesting and meaningful to extent the present findings in future work.  
 Secondly, in Experiment 2a and 2b prior adaptation affected subsequent action, 
although the angular separation between the required movement directions in the adaptation 
and the generalization phase was extremely large. As we have reasoned in the Introduction, 
this finding contradicts previous findings indicating that generalization was confined to 
adjacent movement directions (e.g. Krakauer et al., 2000; Mattar & Ostry, 2007; Sainburg & 
Wang, 2002; Thoroughman & Shadmehr, 2000). It remains open how the configuration of the 
task environment intervened in the generalization process and caused the motor bias. We 
discuss three different approaches, which do not have to be mutually exclusive.  
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 The first approach suggests a mechanism involving primarily the predictive process in 
motor control selection. The internal model simulates the forward action flow (Miall & 
Wolpert, 1996; Shadmehr, Smith, & Krakauer, 2010) by taking environmental parameters 
into account such as gravitation, frictional force, or visuomotor rotation. Since coexistence of 
different adaptation states has been shown to be possible (e.g. Bock et al., 2005; Lee & 
Schweighofer, 2009), it has to be decided which model should be applied. Maybe, if the 
situation is ambiguous, the motor system deals with the situation in a “conservative” way, by 
using the inherent model. A priori selection could be made using a prior probabilistic 
estimation based on perception of the context (e.g. Haruno et al., 2001; Jacobs et al., 1991). 
However, if the context is ambiguous, the selection has to be postponed until the action 
environment is explored. In the study of Wang and Sainburg (2003) focusing on inter-limb 
generalization of visuomotor rotation, opposite arm training was generalized to the 
subsequent movements of the other arm. However, it did not effect the first movements 
made during subsequent performance. That means the effects of opposite arm training did 
not occur until finishing the very first movement. The authors argued that the first trials of 
generalization were used to probe current movement conditions to determine whether to use 
opposite arm derived information. 
  Obviously, participants in the present study had no such problems due to situational 
uncertainty. Prior experience with the workspace and accordingly the visuomotor rotation 
seems to form unambiguous expectation for the upcoming situation. The motor control was 
therefore guided by an a priori hypotheses based on the perception of the workspace. 
Consequently, the effects in the present study were mainly pronounced in initial directional 
biases. It supports our assumption that a representation of the action space, which includes 
the visuomotor rotation as an integrative spatial aspect, is fundamental for action control.  
 The second approach suggests a mechanism involving primarily the perceptual 
processes. The processes of adaptation and generalization in the symmetric workspace 
might be modulated by the so-called perceptive realignment (Redding & Wallace, 1996, 
2006). In the symmetric workspace, errors in perceiving the target distance would cause the 
same aiming error as in case of visuomotor rotations: Perceiving a target as closer would 
lead to a negative α error like a rotation inwards, while perceiving a target as further away 
would cause a positive α error like a rotation outwards. Conversely, successful adaptation to 
visuomotor rotations could be based on a perceptual realignment by generating a virtual 
target with appropriate height for the motor planning. In a current study in our lab, we are 
investigating this issue regarding the reciprocal influences between motor adaptation and 
visual perception of the space. 
 The third approach provides an explanation based on model-free learning process. 
Repetition of the newly adapted movement induces directional biases toward the repeated 
movement (Verstynen & Sabes, 2011), which is termed use-dependent learning. It can lead 
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to persistent movement changes, and account for generalization as well (Diedrichsen, White, 
Newman, & Lally, 2010). Since no explicit model of the perturbation is necessary, it is 
considered as model free and usually “hidden“ behind the adaptation (Huang, Haith, 
Mazzoni, & Krakauer, 2011). In this case, instead of the workspace the hand movement 
direction becomes more critical. In Experiment 1, directional bias in the generalization phase 
was consistent with the repeated hand direction in the adaptation phase. It seems to 
perfectly fit the prediction based on use-dependent learning. Since the parallelism applied 
equally to the workspace and the hand direction without further experimental distinction, one 
may argue that solely the hand direction was responsible for the generalization effect. Also in 
Experiment 2b, the symmetry applied equally to the distal workspace and the proximal hand 
movement direction. The movements were carried out at the left and right start position with 
the left and the right hand, respectively. Hence, the postural configuration and the muscle 
units recruited for the movements with the left and right hand were symmetrical. 
Consequently, the symmetrical hand configuration could be considered to explain the 
observed symmetrical motor bias completely. However, in Experiment 2a there was no 
postural symmetry, since the movements at both start positions were executed with the same 
(right) hand. The joint configuration and the involved muscle units were very different. In this 
case, it is difficult to explain the symmetrical movement bias solely with hand movement 
symmetry. Hence, we believe that the spatial property of the workspace but not the 
movement direction configuration was the decisive factor for the observed motor bias. 
Nevertheless, it remains interesting to examine all three alternatives in a future study. 
 
3.5 Conclusion 
Generalization of visuomotor adaptation is substantially influenced by the prior experience 
with the action and the concordance with the subsequent situation. However, the 
concordance must be defined with respect to the particular feature of distal action space, 
since the present study has shown that motor bias in the generalization phase was reversed 
by varying the spatial structure of distal action space. We therefore suggested a systemic 
approach for sensorimotor transformations by regarding them as an integrative part of the 
workspace.  
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4. Study Three5 
Spatial Realignment in Sensorimotor Adaptation: 
Taking The Efficiency Into Account  
 
4.1 Introduction 
Human movement control is characterized by the capability to improve performance using 
sensory signals until the movement controller specifies a certain motor task in an optimal 
manner. Different mechanisms can account for the performance improvement depending on 
particular task requirements, for instance, implicit and explicit processes (Hegele & Heuer, 
2010; Mazzoni & Krakauer, 2006; Sülzenbrück & Heuer, 2009), recalibrations as strategic 
remapping for rapid error compensation and realignments as transformation of spatial maps 
to bring the origins of coordinate systems into correspondence (Redding & Wallace, 1996, 
2001, 2002, 2006), or model-based and model-free learning (Diedrichsen et al., 2010; Huang 
et al., 2011; Wolpert, Diedrichsen, & Flanagan, 2011). The present work focuses on 
adaptation to visuomotor rotation as a particular form of motor learning distinct from force-
field adaptation, sequence learning, and skill learning (Krakauer, 2009), which is believed to 
rely on task-dependent adjustments of the motor response to compensate for a manipulation 
of the working environment (Clower & Boussaoud, 2000). 
 Since motor learning, including visuomotor adaptation, is considered as a 
consequence of the acquisition of more appropriate internal representations of action 
(Newell, 1991), it is essential to understand how action representations are organized. 
Previous studies have suggested that movement control performed by the central nervous 
system (CNS) relies on internal representations (or models), which estimate the sensory 
consequences of a specific given motor command (predictors) and calculate motor 
commands to achieve a desired sensory effect (movement controllers; cf. Miall & Wolpert, 
1996; Wolpert et al., 1995). Hence, modification of an existing but currently incorrect internal 
model or construction of a new model forms the central stage of visuomotor adaptation in the 
course of dealing with changes in the environment in which the motor task is performed 
(action context). Given the multitude of action contexts in the every-day reality of motor 
behavior, it is important to understand, how multiple action contexts are handled by 
neurocomputational mechanisms of information processing in the human CNS. Hence, key 
problems in the domain of the movement control theory include the acquisition and 
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modification of multiple internal representations for many action contexts, their storage, recall 
and utilization in related action contexts. 
 The existence of multiple paired forward (predictor) and inverse models (movement 
controller) is believed to provide the basis for movement control in multiple action contexts 
(Wolpert & Kawato, 1998). A wide range of different parameters (e.g. mass and moment of 
inertia of the body effector, size and weight of the object and global contextual properties like 
gravity for a simple grasping movement) must be specified for a movement controller to 
determine the motor command sufficiently well. Hence, the ability to produce a variety of 
complex motor behaviors cannot be attained by a single controller using all the contextual 
information to produce an appropriate control signal, because such a controller would easily 
become overextended to encapsulate all the contexts. Alternatively, modular approaches 
offer a better resolution for this dilemma (Miall, 2002; Mussa-Ivaldi, 1999; Wolpert, 1997; 
Wolpert & Kawato, 1998). A central assumption of a modular approach is the co-existence of 
multiple controllers, with each controller suitable for one action context or a small subset of 
contexts. Based on evaluation of sensory signals arising from the action context (contextual 
cues), the proper controller could be switched on (e.g. Bock et al., 2005; Gandolfo et al., 
1996; Krouchev & Kalaska, 2002; Rao & Shadmehr, 2001; Woolley et al., 2007), or a set of 
controllers could be activated to generate the appropriate motor command (Wolpert & 
Kawato, 1998). Hence, multiple movement controllers can be regarded conceptually as 
motor primitives, which serve as building elements used to construct intricate motor 
behaviors. The modularity has two decisive advantages. First, modularity enables single 
controllers to participate in motor control without affecting or interfering each other. And 
second, by combining independent modules to produce motor commands the adaptive 
control repertoire can be increased sufficiently. It allows the motor control system to deal with 
novel situations more efficiently. To this end, when encountered with a novel context, which 
is derived from combinations of previously experienced contexts, the modular system can 
select a set of available controllers and combine them by modulating their contribution to the 
final motor command. Hence, selection and combination of independent controllers present 
the most sophisticated part of a modular architecture.  
 Different realizations of the modular approach were discussed and examined using 
computer models in previous studies. Two representative computational methods are the 
mixture-of-experts architecture (Jacobs et al., 1991) and the modular-selection-and-
identification-for-control model (MOSAIC, cf. Haruno et al., 2001; Imamizu et al., 2004). In 
spite of some differences, both architectures involve a prior probability distribution of 
responsibility estimates for each control module, based on which an appropriate control 
module is selected or several control modules are combined for a given action context 
optimally (Miall, 2002; Thoroughman & Shadmehr, 2000).  
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 A study by Ghahramani and Wolpert (1997) was believed to provide strong evidence 
for the modular approach. In this study, participants learned to counteract a visuomotor 
rotation by reaching from two different starting positions to a common target. The rotations 
induced at the starting positions were opposite to each other (i.e. clockwise [cw] at the left 
starting position and counterclockwise [ccw] at the right, or vice versa). Following adaptation, 
generalization to a set of intermediate starting positions was assessed. Results 
demonstrated that the generalization of visuomotor adaptation followed a logistic function of 
starting position. The authors suggested that two different mappings were learned and 
retained as independent modules to prevent interference. In the test phase, both mappings 
were combined with each other to produce a weighted average based on responsibility 
estimates at a novel starting position. 
 However, one could question the assumption of two conflicting mappings, which were 
acquired and stored separately as suggested by Ghahramani and Wolpert. In a study 
conducted in our laboratory, we used a similar spatial arrangement of start-target positions to 
examine motor bias of prior adaptation (Wang & Müsseler, 2012). Results showed that 
adaptation at one starting position caused a mirrored bias for movements at the other 
starting position. This was probably due to the symmetrical structure of start-target 
arrangement, so that opposing rotations were concordant rather than conflicting within this 
particular structure. It contradicts the modular approach suggesting the acquisition of two 
controllers based on conflicting visuomotor mappings, at least in connection with the above-
described setup. We therefore suggest an alternative approach to the modular 
decomposition principle for the findings of Ghahramani and Wolpert (1997), which takes the 
efficiency aspect into account. In particular, the present study will demonstrate the capability 
of the CNS to reunite conflicting movement controllers through spatial realignment in a 
specific experimental setup employing visuomotor rotation. Originally, spatial realignment 
has been found to be essential for prism adaptation (e.g. Bedford, 1989; Redding & Wallace, 
1993). According to the model of adaptive eye-hand coordination suggested by Redding an 
Wallace (2002), realignment is mediated by feedforward-feedback comparisons that enable 
parametric adjustments in case of misalignments among sensorimotor coordinate systems 
(i.e. visual-motor and proprioceptive-motor maps). Hence, it results in fundamental changes 
in the evolutionarily given spatial mapping functions that normally align corresponding 
positions among the various spatial representations that serve perceptual-motor behavior. 
Consequently, once a spatial realignment is accomplished, it triggers a complete 
generalization in the task-work space, i.e. a global change throughout the entire mapping 
rather than a local change at the trained location (Bedford, 1989, 1993; Redding & Wallace, 
2006). This particular feature can be exploited to predict the transfer magnitude of adaptation 
based on spatial realignment. 
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4.2 Setup and Hypothesis of Experiment 1 and 2 
The setup of Experiment 1 and 2 was derived from the study of Ghahramani and Wolpert 
(1997). Movements were made from a set of starting positions to a target as illustrated in 
Figure 4.1. The starting positions were paired regarding their locations. Each pair of starting 
positions was respectively located left and right of the midline with the same distance. 
Visuomotor rotations were applied to starting positions 3a (cw) and 3b (ccw). Participants 
learned to counteract the perturbation at both positions in an alternating schedule in the 
adaptation phase. This perturbation created a conflict in the visuomotor mapping. According 
to Ghahramani and Wolpert (1997), one way to resolve this conflict is to develop two 
separate visuomotor mappings (i.e. two experts), each for one of both starting positions. For 
transfer to a novel starting positions, a gating module weights and combines the outputs of 
the two mappings. That means a weighting algorithm computes for a given starting position 
Si the relative proportion of both experts Pi and 1- Pi, respectively. Hence, Pi will reach its 
maximum of 1, if the test location is identical with the location of the expert, whilst Pi is set to 
its minimum of 0, if the test location is identical with the location of the other expert. In other 
words, aftereffect measured on other positions should never exceed the aftereffect on 
position 3a and 3b due to the modular approach.  
 However, the motor control system might solve the learning task in a more elegant 
way by accomplishing a spatial realignment. The mechanism was described as parameter 
adjustments in the spatial mapping functions that normally align corresponding positions 
among different spatial representations (e.g. visual and proprioceptive representations) that 
serve sensorimotor behavior (Redding & Wallace, 1996). In order to compensate for the 
opposing rotations, movement paths (dashed lines spreading from 3a and 3b in Figure 4.1) 
of the limb cross the midline in a larger distance compared to the distance of the visual 
target. Based on the assumption that the sensorimotor space is coordinated in a unified 
amodal vectorial map (Paillard, 2005), this difference between the movement distance and 
the target distance would simply rescale the vectorial map. To this end, a fictive target (open 
circle on the top of Figure 4.1) for the motor map could be generated in order to compensate 
for the perturbation. Consequently, it is not necessary to learn two conflicting mappings. In 
this way, not only the perturbation is neutralized, the interference between the opposing 
rotations will also be harmonized by just changing one single parameter (i.e., the target 
height). This mechanism should be preferred by the motor control system because of its 
great efficiency. 
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Figure 4.1 General setup of Experiments 1 and 2 in overview. The visual target was 
represented as an open circle with its periphery (horizontal line). Cw and ccw rotations were 
applied to starting position 3a and 3b, respectively. According to the assumption of spatial 
realignment, in order to counteract the rotations, a fictive target (open circle with dashed line 
as its periphery) would be generated in the action space. A set of test locations was 
represented as black dots. At each test location, the motor bias caused by original rotations 
at 3a and 3b and the compensatory spatial realignment could be considered as the angle 
formed by the straight lines (e.g. the gray lines from 6a) to the visual target and to the fictive 
target (e.g. α6 at location 6a).  
 
 Consequently, aftereffect measured subsequent to the adaptation phase at other 
starting positions will be determined by their geometric location relative to the visual target 
and the fictive target. The aftereffect is quantified as the angular bias (αi), which is a function 
of the height of the visual target (hv), height of the fictive target (hf), and distance of a given 
starting position (i) to the midline (di). 
  (1) 
In the present study, the rotations were approximately set to 14.8° and hv to 10 cm. This 
yielded a fictive target at a total height of 22 cm. Based on these constants, αi can be 
calculated with equation 2.  
  (2) 
€ 
α i = f (hv,h f ,di)
€ 
α i = tan−1(h f /di) − tan−1(hv /di)
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Magnitudes of angular bias for all starting positions are presented in Table 4.1 
 
Table 4.1 Distance to midline and angular bias of the starting positions 
Start positions (i) 0 1 2 3 4 5 6 7 8 
di (cm) 0 1 3 5 7 9 11 13 15 
αi (°) 0 3.26 9.57 14.80 18.73 21.43 23.10 23.99 24.30 
 
 The predictions made in Table 4.1 indicate that the motor bias on several test 
locations (i.e. 4 to 8) could be fairly greater than the aftereffect on the original adaptation 
location. We conducted two experiments (Exps. 1 and 2) to examine our assumption of 
spatial realignment by comparing the empirical data and the predictions. 
 
4.3 Experiment 1 
Experiment 1 aimed to examine the motor bias on test positions 6a and 6b following a motor 
learning phase on positions 3a and 3b. If the empirical data were in line with our assumption, 
the motor bias should be greater than the aftereffect on 3a and 3b, which cannot be 
explained by the modular approach. Since both modular decomposition and spatial 
realignment predict no aftereffect on position 0, it was included in the measure in the current 
experiment (as well as in Exp. 2) to serve as a plausibility check of the method. 
4.3.1 Method 
Participants. Seven right-handed students (4 females) from RWTH Aachen University 
volunteered to take part in Experiment 1. Informed consent was solicited before participation. 
The mean age of participants was 21 years (ranging from 19 to 22 years) with a standard 
deviation of 1.2 years. Handedness was ensured with the Edinburgh Handedness Inventory 
(mean lateralization quotients of 71.3; Oldfield, 1971). All participants were naïve of the 
purpose of the study. 
 
Apparatus and task. Participants controlled the cursor movement (a small blue disk with 4 
mm in diameter) on the computer display with a stylus held in their right hand. The cursor 
movement was displayed on a 22″ CRT color monitor (model: Iiyama Vision Master Pro514; 
resolution: 1024 × 768 pixels; refresh rate: 100 Hz) placed upright on the table with its center 
at participants’ eye level and with a distance of about 65 cm in front of the participants. At the 
beginning of each trial, the valid starting position (5 mm in diameter) was illuminated in 
yellow, while the other starting positions stayed grey. After participants placed the cursor on 
this starting position and preserved the position for 500 ms, a pure tone (840 Hz) was 
released for 100 ms. The tone signalized that the trial was unlocked and the participants 
were instructed to initiate a flicking movement with their right hand as soon as possible. 
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Participants should hit the target with the cursor as precisely as possible, by accelerating the 
cursor with a short flicking movement from the wrist, which determines the proximate 
direction of the cursor. The area within a radius of 2 cm around the starting position served 
as the area for movement initiation, inside of which the cursor was under control of stylus 
motion on the tablet. Once the cursor left this area, it began to slide on a constant velocity of 
17 cm/s in a straight line holding its direction. After the cursor hit the target line, a hit score 
was displayed immediately next to the final cursor position to encourage the participants to 
execute an accurate movement. Depending on the deviation from target center, the (hit) 
score varied from 10 (maximum score with target center) to 0 (minimum score 50 mm or 
more out of range).  
 
Procedure. A short exercise was given prior to the experiment, in order to get the participants 
acquainted with the stylus and the display. The experiment began with a baseline measure at 
5 starting positions, i.e. 3a, 3b, 6a, 6b, and 0. The measure was carried out in pairs and the 
sequence was randomized. Taking the sequence “6-3-0” for example, one block of 5 
movements was performed at the location 6a followed by a block at the location 6b. Both 
blocks were performed with veridical visual feedback. After that another block was performed 
at 6a then at 6b, however, this time without any visual feedback. This process was repeated 
in the given sequence until baseline performance was measured for each starting position 
under each feedback condition twice. After a short break (approximately 1 min.) participants 
adapted in 30 alternating blocks of 5 movements each to a cw and a ccw rotation of visual 
feedback respectively at location 3a and 3b. After the adaptation, movements were 
performed at all starting positions without visual feedback as post-measure. The post-
measure was conducted again in randomized sequence for the three location pairs. As in the 
baseline measure, the sequence was repeated twice, so that the motor bias at each starting 
position was measured with two blocks à five trials. 
 As the dependent variable aiming errors were measured as angular deviations (in 
degree) from the ideal trajectory. The baseline measures with and without feedback were 
used to standardize the aiming error in the adaptation and post-measure, respectively. 
Hereby, individual mean errors in the baseline measures were subtracted from the aiming 
errors in the adaptation phase and post-measure. 
 The arithmetic sign of the aiming error at each location was determined relative to the 
rotation direction. For locations 3a and 6a, a positive angular deviation indicated a cw 
deviation, which was in accordance with the direction of the rotation imposed to 3a, whereas 
a negative value indicated a ccw deviation, which was opposite to the rotation imposed to 3a. 
For location 3b and 6b, a positive value indicated a ccw deviation and a negative value 
indicated a cw deviation, since the ccw rotation was imposed to 3b. For position 0, aiming 
error was positive if the deviation was clockwise and was negative if the deviation was 
counterclockwise.  
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4.3.2 Results and Discussion 
The adaptation curve representing the angular error as a function of adaptation blocks is 
illustrated in Figure 4.2. A single power function was fitted to the data and yielded a R2 of .86. 
All participants were able to adapt to the rotation by reducing the initial aiming error to a 
remarkably low level.  
 
 
Figure 4.2 Mean aiming errors (with standard errors) in degree during the adaptation phase 
of Experiment 1. Every data point represents the average of five consecutive trials in an 
experimental block across all participants. A single power curve was fitted to the data. 
 
 Angular deviations in the post-measure were standardized for each individual to their 
respective baseline performance. A 2 (left vs. right side) × 2 (3 vs. 6 position) repeated 
measures ANOVA yielded a significant main effect of starting position (F(1, 6) = 34.84, p < 
.001, η2 = .85), but neither a main effect of side (p > .61) nor an interaction of both factors (p 
> .21). The angular bias at position 0 was in average -2.58° ± 1.28° (Mean ± SE) and did not 
differ from 0 significantly (p > .09; see Figure 4.3), which indicated that the movements at 
position 0 were not affected by the adaptation. At location 3a and 3b, participants showed a 
noticeable aftereffect of 9.94° ± 1.78 and 9.98 ± 1.95, respectively. More importantly, these 
were not as large as the motor biases at location 6a (15.62 ± 2.85) and 6b (12.31 ± 2.01). T-
tests confirmed significant difference regarding motor bias between 3a and 6a (t(6) = 3.43, p < 
.007, one-tailed) and between 3b and 6b (t(6) = 2.15, p < .038, one-tailed).  
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Figure 4.3 Mean motor bias (with standard errors) in degree at 5 test locations (location 0 
left is equivalent to location 0 right). The motor bias at each starting position was 
standardized individually by subtracting the respective baseline performance from the 
angular deviation in the post-measure. 
 
 Obviously, the modular approach is not able to account for the findings of Experiment 
1, since the weighting factor P in the course of integration of motor primitives would never 
exceed the maximal value of 1. Consequently, the motor bias at a test location could never 
be larger than the aftereffect at the training location. Since the aftereffect at starting positions 
6a and 6b was evidently larger than that at 3a and 3b, the modular decomposition approach 
(Ghahramani & Wolpert, 1997) apparently cannot be applied to account for the current data. 
On the contrary, the spatial realignment would produce greater angular bias at starting 
positions 6a and 6b than at 3a and 3b, as shown in Table 4.2. Thus, the current result 
supports the spatial realignment approach. 
 It should be noted, however, a similar pattern of finding could have resulted from the 
so-called „use-dependent learning (or plasticity)“. It describes the phenomenon that repetition 
of the newly adapted movement induces directional biases toward the repeated movement 
(Verstynen & Sabes, 2011). Since no explicit model of the perturbation is necessary, it is 
considered to be model-free and usually „hidden“ behind the learning processes based on 
update of internal models (Huang et al., 2011). If the repeated movement direction at the 
starting position 3a or 3b (dashed arrows pointing to the fictive target in Figure 4.1) had been 
simply carried over to the ipsilateral test location 6a or 6b, as assumed by „use-dependent 
plasticity“, the resulted motor bias would be larger than the aftereffect at the original starting 
position, which is, at least qualitatively, in accordance with the observed data. However, 
since the aftereffect was only tested at location 6a or 6b, it was not possible to distinguish 
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between the spatial alignment approach and the use-dependent approach. This aspect was 
sought in the next experiment. 
 
4.4 Experiment 2 
Experiment 2 aimed to compare use-dependent plasticity and spatial realignment regarding 
their predictive power for the motor biases in the post-measure. To this end, the examination 
of motor bias was extended to further test positions (0, 1a, 1b to 8a 8b as shown in Figure 
4.1) following an adaptation phase again at positions 3a and 3b. The mean motor bias at a 
test location i predicted by use-dependent plasticity is quantified in equation 3, in which θrep 
represents the repeated movement direction and θi represents the actual direction from a 
starting position i to the target.  
 (3) 
 By assuming optimal adaptation and complete transfer, the predicted αi based on 
use-dependent plasticity are computed and listed in Table 4.2 In this way, predictions based 
on use-dependent plasticity and on spatial realignment were compared to the empirical data. 
 
Table 4.2 Predicted aftereffects (αi) based on use-dependent plasticity 
 Start positions (i) 0 1 2 3 4 5 6 7 8 
αi (°) 0 -6.06 4.93 14.80 23.22 30.22 36.96 40.67 44.55 
 
4.4.1 Method 
Participants. Ten right-handed students (8 females) from RWTH Aachen University 
volunteered to take part in Experiment 2. Informed consent was solicited before participation. 
The mean age of participants was 23 years (ranging from 19 to 30 years) with a standard 
deviation of 3.0 years. Handedness was ensured with the Edinburgh Handedness Inventory 
(mean lateralization quotients of 76.7; Oldfield, 1971). All participants were naïve to the 
purpose of the study. 
 
Procedure. In Experiment 2 participants performed the same task with the same apparatus 
as in Experiment 1. The general procedure followed again a baseline, adaptation, and post-
measure schedule. However, because of the raised number of test locations and according 
to the increased the duration of experiment, Experiment 2 was split in two sessions 
separated by 3 to 5 days. The baseline measure was conducted in the first session following 
the same procedure as described in Experiment 1. The measure was carried out in pairs (a 
and b) with randomized sequence of 9 locations and baseline performance was measured 
for each starting position under each feedback condition twice. The second session began 
with an adaptation phase, which was completely identical with the adaptation phase of 
€ 
α i = θ rep −θ i
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Experiment 1. Following the adaptation, the post-measure was conducted again in 
randomized sequence for the nine location pairs. As in the baseline measure, the sequence 
was repeated twice, so that the motor bias at each starting position was measured with two 
blocks à five trials. The post-measure was carried out without visual feedback. As dependent 
variable, angular deviations αi at each starting position i were calculated according to the 
same rules described in Experiment 1. The ratios αi : α3 were computed for statistic analysis.  
 
4.4.2 Results and discussion 
Figure 4.4 shows the mean angular deviations as a function of adaptation blocks. A single 
power function was fitted to the adaptation data and yielded a R2 of .79. 
 
 
Figure 4.4 Mean aiming errors (with standard errors) in degree during the adaptation phase 
of Experiment 2. Every data point represents the average of five consecutive trials in an 
experimental block across all participants. A single power curve was fitted to the data. 
 
 We first analyzed the angular deviations for the starting positions at the left and right 
side of the midline separately. A 2 (left vs. right side) × 8 (positions 1 to 8) repeated 
measures ANOVA yielded a significant main effect of starting position (F(7, 63) = 8.88, p < 
.001, partial η2 = .50). Since the ANOVA showed neither a main effect of the factor side (p > 
.22) nor an interaction (p > .26), we merged the data of different side by computing a 
pairwise mean value αi for each starting position pair. The average aftereffect α3 at location 
3a and 3b was approximately 11.5° ± 1.26°. Further, αi:α3 ratios were computed individually. 
The resulted mean ratios across all participants are listed in Table 4.3 
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Table 4.3 Predicted and observed motor bias (mean value of ratios) 
Start positions (i) 0 1 2 3 4 5 6 7 8 
Prediction by 
spatial realignment 
0 0.225 0.647 1 1.266 1.448 1.561 1.621 1.642 
Prediction by use-
dependent 
plasticity 
0 -0.410 0.333 1 1.569 2.042 2.430 2.748 3.010 
Observed ratio (αi: 
α3) 
-.0176 0.430 0.861 1 1.197 1.286 1.202 1.258 1.345 
 
 Figure 4.5 shows both predicted and observed αi:α3 ratios as a function of the starting 
position. T-tests yielded significantly smaller ratios than 1 at location 0 (t(9) = 6.15, p < .001, 
one-tailed) and location 1 (t(9) = 6.32, p < .001, one-tailed), and a tendency at location 2 (t(9) = 
1.40, p < .10, one-tailed). More importantly, as predicted by spatial realignment, the empirical 
curve exceeded the crucial value of 1. T-tests yielded significant larger ratios than 1 at 
location 5 (t(9) = 2.34, p < .026, one-tailed) and location 6 (t(9) = 2.15, p < .031, one-tailed), 
and a tendency at location 7 (t(9) = 1.39, p < .10, one-tailed). The correlation between the 
predicted and observed curves was approximately .95 (p < .001), indicating a substantial 
coherency. Therefore, these results support the spatial realignment approach.  
 
 
Figure 4.5 Predicted data based on spatial realignment (dashed line with open circles), 
predicted data based on use-dependent plasticity (dotted line with open triangles), and 
observed (black squares) αi:α3 ratio for each starting position i (i = 0, 1, 2 ... 8). Error bars of 
the observed data represent the standard errors.  
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 Use-dependent plasticity on the other hand provided prediction that was far less 
sufficient for the generalization across different starting locations (r = .32, p > .43). One may 
propose that the generalization of use-dependent plasticity decays with angular separation in 
a manner similar to Gaussian-like function as shown by population coding models 
(Georgopoulos, Schwartz, & Kettner, 1986; Tanaka et al., 2009; Verstynen & Sabes, 2011) 
and that the weighted generalization effect of use-dependent plasticity would provide a better 
fit to the empirical data. We conducted simulation based on various Gaussian tuning widths 
and the results could not confirm the assumption. More importantly, adjusting the tuning 
width did not change the fact that a transfer of use-dependent plasticity would cause a 
negative aftereffect on starting position 1, which is not compatible with the empirical data.  
 However, the completeness of generalization of spatial realignment, as suggested by 
many previous studies (e.g. Redding and Wallace, 2006), has not been ensured yet. So far, 
the generalization was assessed for a set of novel starting positions, while the target 
remained the same. The generalization needs to be demonstrated to untrained targets as 
well, since due to the single-target scenario in Experiments 1 and 2 modification of the 
mapping parameters could be achieved in at least two different ways. One possibility is to 
relocate the target in the action space to compensate for the visual perturbation. This kind of 
simplified realignment is plausible, because the programming of the short-ranged and open 
loop flicking movements relies merely on directional information and the realignment of the 
target position alone would be sufficient to specify the movement direction. Hence, it modifies 
only one parameter of the spatial mapping, namely the target location, whilst all other 
mapping parameters remain the same. This solution is target-specific, and consequently, 
should not affect subsequent movements aimed to new target locations. Another possibility 
to establish the new mapping is to rescale the entire action space. In the scenario of the 
present study, it means to approximately double the y-scale of the action space. This 
workspace-based solution should affect all subsequent movements, even if the visual target 
is not the same as in the learning phase because such parameter adjustment is 
characterized by complete transfer of training with a subset of positions to the entire domain 
of a transformation (Bedford, 1989, 1993). Experiment 3 was conducted to pursue this 
question by comparing both possibilities. 
 
4.5 Experiment 3 
As aforementioned, the spatial realignment observed in the prior two experiments could have 
been achieved either by target-related realignment or by re-scaling the entire space. For the 
latter case, adaptation would be transferred to other targets. To this end, Experiment 3 
focused on generalization of adaptation to a set of novel targets while the starting positions 
were kept constant. 
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4.5.1 Method 
Participants. Ten right-handed students (8 females) from RWTH Aachen University 
volunteered to take part in Experiment 3. Informed consent was solicited before participation. 
The mean age of participants was 23 years (ranging from 20 to 30 years) with a standard 
deviation of 3.3 years. Handedness was ensured with the Edinburgh Handedness Inventory 
(mean lateralization quotients of 82.2; Oldfield, 1971). All participants were naïve to the 
purpose of the study. 
 
Setup and Procedure. The experimental setup is illustrated in Figure 4.6. In each trial, 
participants performed a flicking movement from one of two starting positions (A and B) to 
one of ten targets (T1 to T10).  
 
 
Figure 4.6 The experimental setup of Experiment 3. Ten visual targets (T1 to T10) were 
presented randomly. The heights of the targets are listed in Table 4.4. Flicking movements 
were performed to a given target either from start A or start B. The starting positions were 28 
cm apart from each other. During adaptation, cw and ccw rotations (both 11.1°) were applied 
at starting positions A and B, respectively. According to spatial realignment, the adaptation 
would double the height of T2 on the modified mapping (i.e., dashed lines to T5). If spatial 
realignment is not target-related but rescale the entire workspace, it should affect the 
subsequent movements to the other targets and cause different aftereffects, which could be 
predictively quantified (Table 4.4).  
 
 The experiment was scheduled in two sessions separated by 3 to 5 days. Session 1 
contained a measurement of individual baseline performance with and without visual 
feedback for each start and target combination - four consecutive blocks for each target. The 
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first of the four blocks consisted of five trials for a start and target combination, followed by 
another block to the same target but from the other starting position. In both blocks visual 
feedback of the cursor was provided. Subsequently, both blocks were repeated but this time 
without visual feedback. The targets were presented in a randomized sequence and the 
starting position switched after every block. The sequences of the starting position 
(AàBàA… vs. BàAàB…) were counter-balanced across participants. The same target 
sequence (i.e. each start and target combination) was measured twice. This procedure 
resulted in 80 blocks à five trials for the baseline measure.  
 Session 2 began with 30 blocks of visuomotor adaptation to opposing rotations: 11.1° 
cw on Start A and ccw of the same size at start B. The starting position switched after each 
block and again the sequences of the starting position were counter-balanced across 
participants. Since the target remained the same (T2), which was located 3 cm above to the 
starting positions, adaptation to the opposing rotations should result in a virtual target (which 
the dashed arrows are pointing to) 6 cm to the starting positions according to spatial 
realignment. The height (hi) of each given target Ti is listed in Table 4.4. The lateral distance 
(d) of the starting positions to the midline was constantly 14 cm. Hence, theoretical angular 
bias αi of Ti can be calculated with equation 3 based on assumption of a fully accomplished 
spatial realignment.  
  (3) 
 
Table 4.4 Predicted directional bias (αi) based on spatial realignment extended to the entire 
action space 
 
Targets (i) 
1 2 3 4 5 6 7 8 9 10 
hi (cm) 2 3 4 5 6 8 10 12 14 16 
αi (°) 7.9 11.1 13.8 15.9 17.4 19.1 19.5 19.1 18.4 17.6 
 
 Once the adaption was completed, aftereffects without feedback were measured for 
each target from both starting positions in two consecutive blocks. Again, the targets were 
presented in a randomized sequence and the starting position switched after each block. The 
post-measure procedure was also repeated twice, so that each start and target combinations 
was tested twice. The post-measure was tested without visual feedback.  
 Empirical aiming errors (αi) were calculated as angular separation between the 
optimal path and the observed trajectory for a given start and target combination. The 
baseline measures with and without feedback were used to normalize the individual aiming 
error in the adaptation and post-measure, respectively. The arithmetic sign of the aiming 
error at each location was determined relative to the rotation direction: for adaptation, 
angular deviations in the same direction as the respective rotations were signed positive, and 
€ 
α i = tan−1(hi /d) − tan−1(2⋅ hi /d)
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vice versa; for post-measure, angular deviations in the opposite direction as the respective 
rotations were signed positive, and vice versa. The ratios (αi : α2) of post-measures were 
computed and compared to the predicted values (Tab. 4). The predicted aftereffects were 
computed according to the assumption that the spatial realignment rescales the entire action 
space rather than target-related. If the spatial realignment is purely target-specific, there 
should be no generalization effect, in other words, no aftereffects to other targets should be 
observed. Consequently, the αi to α2 ratios would be always 0, or at least significantly smaller 
than “1”. 
4.5.2 Results and Discussion 
Figure 4.7 illustrated the decline of aiming errors during the adaptation. The ANOVA showed 
a significant main effect of experimental block (F(29, 261) = 2.21, p < .009, η2 = .20). A single 
power function was fitted to the data (R2 = .53).  
 
Figure 4.7 Mean aiming errors (with standard errors) in degree during the adaptation phase 
of Experiment 3. Every data point represents the average of five consecutive trials in an 
experimental block across all participants. A single power curve was fitted to the data. 
 
 As aforementioned, standardized aftereffects were computed by subtracting the 
baseline error from the respective angular deviation registered the post-measure. At first, we 
computed the aftereffects at the starting positions A and B separately. A 2 (left vs. right side) 
× 10 (targets 1 to 10) repeated measures ANOVA yielded neither main effect of starting 
position (p > .06) nor any starting position by target interaction (p > .55), and hence we 
merged the data of different starting positions in pairs by computing a mean value for each 
target.  
 
Table 4.5 Predicted and observed motor bias (mean value of ratios) based on spatial 
realignment extended to the entire action space 
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Targets (i) 
1 2 3 4 5 6 7 8 9 10 
Vertical distance 
(cm) 
2 3 4 5 6 8 10 12 14 16 
Predicted ratio 
by spatial 
realignment 
0.71 1 1.24 1.43 1.57 1.71 1.75 1.72 1.66 1.58 
Observed ratio 
(αi: α2) 
0.88 1 1.03 1.36 1.23 1.34 1.43 1.51 1.36 1.37 
 
 Observed aftereffect (αi) to T2 was approximately 5.7° (±1°). Observed ratios of αi: α2 
were calculated individually and the mean values are listed in Table 4.5. Figure 4.8 
visualized the predicted (open circles) and observed ratios (filled squares). Apparently, the 
predicted values fit the empirical means very well. Pearson correlation showed significant fit 
between both datasets (p < .001. r = .93). However, the expected generally upward trend of 
aftereffect with increasing target height was not supported by the ANOVA, since no main 
effect of target was found (p > .21), probably due to the large variance in the data. Taken 
together, spatial realignment appears to affect the entire domain of transformation (Bedford, 
1989, 1993). More importantly, compared to other approaches spatial realignment provides 
the most probable explanation for the present pattern of finding. First, there was no decline of 
aftereffect with increasing dissimilarity between training and generalization conditions, which 
would be predicted by both the modular approach (Ghahramani & Wolpert, 1997) and the 
population coding model regarding visuomotor generalization (Tanaka et al., 2009). Second, 
use-dependent plasticity would predict negative aftereffects on T3 to T10, which was obviously 
not the case.  
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Figure 4.8 Predicted (dashed line with open circles) and observed (black squares) αi:α2 ratio 
for each target i (i = 1, 2 ... 10). Error bars of the observed data represent the standard 
errors.  
 
4.6 General Discussion 
In the present study a sensorimotor adaption scenario was re-examined and extended. It 
was first investigated by Ghahramani and Wolpert (1997), which was considered as classical 
evidence for the modular organization of adaptation to visuomotor rotation. Modular 
approaches (Haruno et al., 2001; Jacobs et al., 1991; Miall, 2002) suggesting the acquisition 
and retention of two different visuomotor mappings as separated control modules were 
thought to perfectly account for this scenario. However, comprehensive review of prior 
researches highlighted at least two other theoretical approaches providing alternative 
explanation, namely use-dependent plasticity (Huang et al., 2011; Verstynen & Sabes, 2011) 
and spatial realignment (Redding & Wallace, 2001, 2002, 2006). Predictions based on the 
three approaches regarding the transfer of acquired mapping to a subset of test locations 
differ strongly from each other. The predictions were compared with empirical data in the first 
two experiments. The results were in line with our assumption that spatial realignment should 
be preferred by the adaptive control system due to its efficiency. The third experiment 
examined, whether spatial realignment is target-specific or affects the entire action space. 
The data suggested that spatial realignment rescaled the entire action space rather than 
target-specific. 
 In Experiment 1, post-measure showed significantly larger motor bias at test position 
6a and 6b than the after effect at the original locations 3a and 3b. According to the modular 
0	  
0,5	  
1	  
1,5	  
2	  
1 2 3 4 5 6 7 8 9 10 
M
ot
or
 B
ia
s 
In
 R
at
io
 (α
i:α
2)
 
Targets 
observed 
predicted - spatial 
realignment 
 – 67 – 
approach, transfer was accomplished through weighted integration of two control modules 
based on a probabilistic estimation for transfer to each test location. This process entails the 
implication that for a given test location the weighting factor of a particular mapping would 
never exceed the theoretical maximum of 1. In other words, motor bias at an arbitrarily 
chosen test location would never be larger than the after effect at the original location used 
for adaptation. The fact that motor bias at test locations exceeded the aftereffect at the 
original locations was in accordance with the prediction made by spatial realignment. 
Obviously, the modular approach was not able to account for the results of Experiment 1. 
However, it does not contradict the prediction based on use-dependent plasticity, which 
presumes that the repeated movement direction would be carried over to subsequent 
movements. Hence, the two remaining possibilities were compared in a further experiment.  
 In Experiment 2, the test locations were increased to eight pairs. Predictions made by 
use-dependent plasticity and by spatial realignment could be captured by a respective 
function of the starting position as illustrated in Figure 4.5. The data predicted by spatial 
realignment correlated with the empirical data very well and provided a much better fit than 
use-dependent plasticity. Furthermore, post-hoc analysis strengthened arguments against 
modular approach by showing that transfer ratio at several test locations again exceeded the 
predicted maximum of 1.  
 In line with our hypothesis, these findings supported clearly a spatial realignment in 
the course of adaptation. As we argued earlier, the spatial realignment provided a most 
efficient solution for the adaptation and transfer scenario of the present study. According to 
the modular approach, two separate internal models of visuomotor mappings must be 
learned and stored separately. Consequently, computational resources have to be allocated, 
not only to learn two internal models but also to prevent the interference between them. 
Instead, by using spatial realignment, the same learning effect could be achieved with a 
linear transformation of action space coordinates. On the one hand, this simple 
transformation neutralizes the conflict of the opposing rotations and thereby reduces the 
computational load for the strategic perceptual-motor control (Redding, Rader, & Lucas, 
1992; Redding & Wallace, 2002); and on the other hand, it facilitates transfer by determining 
the mapping parameters for later movements in the same task-work space. Considering the 
basic rule of efficiency, it is no wonder that the adaptive control system would prefer the 
spatial realignment as a more efficient way to deal with this specific situation.  
 At this point, an interesting question to be raised is where and how in the CNS is 
decided to choose one optimal option from a variety of available solutions. Actually, we think 
that the term “choose” cannot appropriately reflect the underlying process. It is because we 
envisage that in our specific experimental setup, the modification of the veridical internal 
model to develop two different internal models in order to compensate for the opposing 
rotations and the accomplishment of a new spatial alignment present two consecutive stages 
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of adaptation rather than mutually exclusive options to be evaluated and selected by the 
CNS. We conjecture three distinct processes which are concurrently activated to encounter 
the opposing visuomotor rotations: firstly, explicit modification of the internal models presents 
the short-term process, which is centrally located and instantaneously effective to encounter 
large mapping discrepancy but cognitively demanding; secondly, implicit adjustment of the 
internal models presents a long-term process and leads to the development of two different 
internal models; finally, spatial realignment presents another long-term process, which is 
driven by the spatial discordance rather than error (Ebenholtz, 1968; Redding & Wallace, 
2002) and replaces the separate models through a modified spatial alignment. The first two 
processes are common in visuomotor adaptation (Hegele & Heuer, 2010; Mazzoni & 
Krakauer, 2006; Sülzenbrück & Heuer, 2009), while the spatial realignment is unique to the 
current experimental setup. The adaptivity of spatial alignment is supposed to have its origin 
in the synaptic plasticity of the multimodal neurons in the cortical associative areas, where 
poly-sensory information is processed (Paillard, 2005). Due to the changed mapping during 
the exposure to the visuomotor rotations, neurons in those areas show activity changes in 
response to sensory inputs of various origins (e.g. visual and proprioceptive) and obtain a 
novel co-activation pattern. According to the Hebbian theory, transmission power of 
repetitively co-activated synapses will be progressively reinforced (Hebb, 1961). Since the 
processes of the spatial alignment may possibly produce twice as many repetitions of those 
synaptic activations (the same activations across two opposing rotations) compared to the 
processes of switching between two internal models (different activations for each rotation), 
the spatial realignment yields an increasing neural representations and replaces the 
processes of developing and maintaining separate models in the long term.  
 Based on the above postulate, the repetitive advantage of spatial alignment over the 
modular approach is mediated by the symmetry of the visual workspace. Consequently, this 
advantage is best materialized when the visual workspace is perfectly symmetric, which 
means that the visuomotor rations need to be symmetric as well. Namely, the opposing 
angles of the rotations assigned to the left and the right starting positions must have the 
same extent. In fact, the present experimental setup assured such symmetry. Based on 
these considerations, it is interesting to access the adaptation and its generalization after 
exposure to opposing rotations each of which has a different magnitude, so that the 
symmetry is attenuated or even absent. Generally, two possibilities are conceivable. Different 
rotations would prohibit the congeneric synaptic organization and the formation of a new 
mapping. In this case, maintaining two different internal models and contextual switching 
between them are necessary as suggested by the modular approach. Alternatively, a 
common mapping could be formed with help of linear interpolation between the two trained 
positions as reported by Bedford (1989, 1993). We prefer the latter case and intend to exam 
this assumption in future work.  
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 We further specified the underlying mechanism of spatial realignment by comparing 
two alternative approaches (target-related realignment vs. rescaled action space) in the third 
experiment. Hereby, aftereffects to a set of different targets were quantified and compared 
with the predicted data based on the assumption that spatial realignment should rescale the 
entire action space rather than a single target. The results showed clear generalization of 
adaptation to subsequent movements toward other targets and substantial fit between 
empirical and predicted data. It could be reasoned that spatial realignment is not strictly 
target-related but affects the entire action space, which is apparently rescaled to fit a novel 
visuomotor mapping. This observation is consistent with the notion by Bedford (1989), which 
suggests that a mapping consists of specialized rules connecting the entire length of two 
dimensions rather than a collection of individual associations. 
 Finally, it remains open whether and to what extent the observed spatial realignments 
in our experiments are related to the particularity of flicking movements. These were ballistic 
movements, because the movement execution in our experiments was completed normally 
within 70 to 90 ms, which was evidently too short for movement corrections that occur in 
average 135 ms after the presentation of visual error information (Carlton, 1981). In this 
case, online error correction, and more importantly, online error monitoring were precluded. 
Nevertheless, the realignment observed in all three experiments together confirmed the 
notion (e.g. by Redding and Wallace, 1997) that the realignment is not driven by detection of 
movement errors (i.e. differences between desired and actual outcomes) for each specific 
rotation at a give target but by general misalignment detection. Normally, misalignment 
detection requires comparison of corresponding positions among spatial representations. For 
example, one can detect discordance between visual and proprioceptive spatial 
representations by comparing visual target coordinates that initiate a feedforward limb 
controller with the actual proprioceptive coordinates of the target achieved under error-
corrective feedback control (Redding & Wallace, 2003). Compared to closed loop 
movements (e.g. aimed reaching or pointing movements), the amount of sensory information 
about corresponding spatial positions during a flicking movement is very limited because of 
the short range of hand motions compared to that of feedback cursor motions. Therefore, it is 
likely that using closed loop actions would obtain more rapid realignment. Hence, 
comparison between flicking task and classical pointing task could be an interesting object 
for future work. 
 
4.7 Conclusion 
In three Experiments, participants adapted to opposing rotations when performing aimed 
flicking movements. Aftereffects were measured as post-adaptation directional bias and 
compared with predicted data based either on modular adaptation, use-dependent plasticity 
or spatial realignment. Predictions based on spatial realignment showed the best fit to the 
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empirical data, which was consistent with our hypothesis, although the adaptation scenario 
applied in the current study has been considered as a typical case for modular adaptation. 
Consequently, efficiency appeared to be a crucial criterion for the optimal motor control and 
visuomotor adaptation. 
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5. General Discussion and Conclusion 
Recent studies of upper limb movements demonstrated remarkable adaptivity of the human 
sensorimotor system. Depending on the particular requirements of motor tasks different 
learning processes can be launched. These include strategic recalibration, internal-model 
based adaptation, use-dependent plasticity, operant reinforcement and spatial realignment. 
The present work provided an insight into the systematic how the sensorimotor learning 
processes can be determined, weighted and combined to meet the task requirements 
optimally. It is worth noting that the term optimality in our opinion presents at least two crucial 
criteria. It means not only to maximize action performance measured upon errors, but more 
importantly, also to minimize the cognitive load at the same time. Previous studies mainly 
focused on the first criterion, while the second criterion regarding efficiency has been rarely 
taken into account. Due to the growing motor task complexity caused by widespread use of 
modern tools the efficiency becomes increasingly a substantial issue. Hence, how to facilitate 
sensorimotor learning regarding both effectiveness and efficiency represents a key problem 
of the research scope. Although the present work is not capable of delivering an ultimate 
answer to this question, it took the first step by showing the importance of more 
comprehensive understanding of the action context and its influence on the cognitive 
processes underlying sensorimotor learning. As the present work has shown, sensory 
information characterizing an action context has a great variety. It can directly originate from 
perception of elementary components of an action workspace, for example location of the 
target object, location of the start position; or it can be hidden in the high-level structural 
arrangement of the entire workspace, which at first glance probably does not pop out as a 
action relevant feature. Apart from such details, it is astonishingly easy to summarize all 
phenomena regarding adaptive sensorimotor control in a simple logic: all behavioral findings 
and the underlying cognitive and neurological processes can be understood as an optimal 
reaction of the sensorimotor system to motor task requirements, which means to maximize 
the performance and to minimize the cognitive demands at the same time.  
By combining the cognitive-economical approach and the findings indicating the 
coexistence of implicit and explicit mechanisms to countervail visuomotor rotation (cf. 
Sülzenbrück & Heuer, 2009), I suppose that both components develop interdependently in 
course of adaptation over time. More precisely, the implicit component increases over time 
and successively supersedes the explicit component. This assumption is illustrated in Figure 
5.1 with the x-axis indicating the time (t) and the y-axis the adaptation performance. Implicit 
and explicit adaptation components are considered as functionally independent components 
of adaptation. The total adaptation performance (adaptive shift) exhibits typically an inversed 
power (or logarithmic) function of time. It is assumed to be a product of linear additive 
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combination of both implicit and explicit components. At the beginning of adaptation, large 
visual errors are registered. In order to deal with these intial errors rapidly, an explicit 
mechanism in form of strategic remapping is triggered. This compensation mechanism 
accounts for the intial steepness of the curve of the adaptive shift. The implicit mechanism is 
concurrently activated. This process is presumably based on the changes of the synapic 
connections encoding the kinematic mapping. By assuming the Hebbian learning rate as a 
linear function of the activation repetition, the implicit learning curve must be linear as well 
(the green line in Figure 5.1). With increasing implicit component in course of exposure, the 
explicit strategic component declines progressively, because the remaining visual errors are 
getting more and more difficult to be assessed consciously. In ideal case, the movement 
error due to the imposed visuomotor transformation will be fully cancled by the implicit 
component, and the explicit process can be abondoned completely.  
In order to examine the above assumption, the temporal features of the implicit and 
explicit components must be determined empirically using a visuomotor adaptation 
paradigm. Hereby, the adaptive shift can be calculated by computing the difference between 
the performance in the pre-measure and in the post-measure with indicated rotation-onset. 
Analogically, the implicit adaptaion can be determined by computing the difference between 
the performance in the pre-measure and in the post-measure with indicated rotation-offset. 
This measure has also been referred to as aftereffect, which indicates the changes in 
movement direction in spite of the knowledge of the absence of visuomotor transformation 
(Hegele & Heuer, 2010; Heuer & Hegele, 2011). By manipulating the duaration of exposure 
as independent variable and measuring the implicit and explicit components as dependent 
variables, the temporal features of the implicit and explicit components can be determined 
empirically and compared with the predicted curves. 
 
Figure 5.1 Schematic view of the interdependent development of implicit and explicit 
adaptation components over time. The adaptive shift is the product of the linear additive 
combination of the implicit and the explicit components.  
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 The cognitive-economical approach is probably the key to synthesize the wide-
ranging research focuses in this area and might help to integrate a large amount of 
knowledge gained in the past several decades by constructing a comprehensive cognitive 
architecture of the human sensorimotor system. It will be the most challenging but at the 
same time the most promising way to understand the human cognition, since nothing would 
be more helpful than a rigorous replica. The functional model for sensorimotor transformation 
presented at the beginning of this work (see Introduction) is one small step in this direction. 
The network architecture of the model including the functional units and the information 
processes still needs theoretical disputation and empirical verification. For example, the 
model makes the assumption that desired vectorial motion flow and the desired 
somatosensory flow are computed sequentially in the inverse flow. However, there is still no 
empirical evidence for the assumed seriality. In other words, it is also free to assume that 
both simulations are accomplished simultaneously. In this sense, the functional model should 
be considered as a preliminary version. And a lot of work is still required to optimize it. 
Nevertheless, I hope the present work has made a small contribution to realize a big vision.  
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